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Abstract 
Normal swallowing is a complex process which requires sufficient mastication and lubrication of 
the food to transport the bolus from the mouth to the pharynx. In people suffering from dysphagia 
this process is not well coordinated and they often have difficulty in transporting food and water 
from the mouth to the stomach, which can lead to choking or aspiration. Modification of food 
texture by mincing or pureeing normal food is used to prevent these complications; however 
inconsistencies in texture can affect the consumption of these foods. Hence, malnutrition, 
dehydration and aspiration pneumonia, are a common problem with dysphagia sufferers. 
Using green peas as a model food system, this project investigated the effect of three method of 
comminution - mincing, pureeing and freeze-fracturing (processing whilst frozen) - on the macro 
and microstructure of the peas and its impact on rheological behaviour and sensory perception. 
Comminution of peas resulted in a particulated soft solid with hierarchical structures with broad 
range of particle sizes and shapes i.e. from large clusters of cells (5 mm) to starch granules (10 µm) 
which were released from broken cells. These pea particles were suspended in serum released 
during cellular structure breakdown. The high concentration, broad particle size distributions, 
variations in morphology and deformability of particles made this system complex and challenging 
to measure. Vane geometry was used to evaluate the rheological behaviour of comminuted peas, as 
it enabled accurate measurement of dispersions containing large particles without altering the 
product structure and it also eliminated any wall slip effects. The effect of pea variety, particle size 
distribution and amount of serum or added water on rheological behaviour was studied. 
Results demonstrated that comminuted peas were characteristically solid-like with higher elastic 
than viscous modulus (G´ > G˝). They also exhibited a yield stress which is an important parameter 
in these systems as it is a good indicator of the amount of effort required to initiate flow during oral 
processing. Minced peas with over 50% of the particle >1 mm in size had broader size distribution, 
which packed better than narrower distributions of pureed peas, resulting in higher G´ and yield 
stress. Changing the particle size distributions by systemically increasing the percentage of minced 
peas in a mince/puree blend also increased G´ and yield stress. This indicated that particle size 
distribution can be used to modify flow behaviour, while keeping the solids content the same. 
Diluting minced and pureed peas with incremental amounts of water showed that in such 
concentrated systems, small changes in solid to liquid ratio had a considerable impact on G´ and 
yield stress, as small increments in the liquid phase decreased G´ and yield stress dramatically. The 
variety of pea did not impact on the particle size distribution, but it affected the amount of serum 
released and particle firmness. These findings showed that particle concentration and size 
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distribution, as well as particle modulus all had an impact on phase volume which determines the 
underlying microstructure and hence affects rheological behaviour, visual appearance and oral 
perception of these peas. 
One of the critical parameters for a safe swallow is the cohesiveness of a bolus. Cohesiveness of 
foods is often calculated from a double compression test on a texture analyser. In this research an 
alternative method of determining cohesiveness and flowability of comminuted peas was evaluated 
using a ring shear tester. Cohesiveness values from the ring shear tester showed good correlations 
with visual observations. However, as the moisture content of the peas was increased it became 
difficult to obtain consistent data due to phase separation between the peas particles and serum. 
A trained sensory panel of healthy subjects was used to investigate the multi-variate effect of 
particle size, yield stress and serum viscosity on the textural attributes and “ease of swallow” of 
comminuted peas. All three parameters had a significant effect on the overall perception of ease of 
swallow with yield stress having the most significant influence and particle size the least. These 
findings highlighted that, whilst particle size may deem the product safe from a choking perspective 
(based on food standards for dysphagia), yield stress and serum viscosity also play a significant role 
in ease of swallow of these foods. Samples with the same yield stress were perceived differently 
e.g. smoother mouthfeel when the particle size was small and adhesive when the serum viscosity 
was high. Comminuted peas were perceived to be easiest to swallow when the properties of the peas 
were similar to that of a bolus just prior to swallowing, i.e. low yield stress, low viscosity serum 
phase and smaller particle sizes, as it required minimum effort to form and swallow the bolus. Good 
correlations were also obtained between rheological data and sensory attributes indicating that 
rheological measurements such as moduli, yield stress and serum viscosity can give insights into the 
ease of swallow of such foods.  
This knowledge on the impact of comminution on particle morphology and size distribution, phase 
volume and serum viscosity can all be utilised to rationally design suitable foods with consistent 
texture and flow behaviour for people suffering from dysphagia. The knowledge from this project 
could also be used to develop better guidelines for texture modified foods by incorporating new 
properties (such as yield stress) as key quality parameters in food preparation, to improve the 
subsequent consistency and flow behaviour of such foods. 
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CHAPTER 1 
 
1 Introduction 
 
 
1.1 Project Motivation 
Dysphagia is a swallowing disorder, where the patient has difficulty in transporting the food and 
water from the mouth to the stomach. Whilst it is common in all age groups, it is more prevalent in 
the elderly population.  Dysphagia can be caused by stroke, brain injury, degenerative diseases, 
neuromuscular disorders and by the changes in the physiology of swallowing due to the aging 
process (Cichero & Murdoch 2006). Dysfunctions in oral motor control can result in choking and 
aspiration when swallowing thin liquids or solid foods. Ultimately, those problems may discourage 
fluid or food intake, leading to inadequate hydration and malnutrition in dysphagia patients.   
Currently, people suffering from dysphagia are fed texture modified foods. These are solid foods 
where the particle size has been reduced by the processing of either mincing or pureeing depending 
on the severity of the swallowing disorder. There are no national or international regulations on the 
properties of texture modified foods. However, there are various guidelines or standardised 
definitions (Atherton et al. 2007; British Dietetics Association and Royal College of Speech and 
Language Therapists 2012; National Dysphagia Diet 2002) from the Dietetic Association’s from 
countries such as Australia, United Kingdom and USA.  Particle size reduction by mincing and 
pureeing seems to be the only criteria in agreement for all these texture modification guidelines and 
standards. The main reason for particle size reduction is to reduce the risk of choking. 
It is estimated that there are over 16 million people in the US and up to 30 million people in Europe 
requiring specific care for dysphagia (Clavé et al. 2012) and with the aging population around the 
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world increasing in size, this debilitating disease will become a bigger issue in the future. Few 
researchers have tried to comprehensively understand or analyse the textural of rheological 
properties of these texture modified foods. The process of comminution of texture modified foods 
results in a complex, multiphase system consisting of a range of particle sizes (macro to micro) of 
plant or animal based materials suspended in sauce, serum or juices released from these materials, 
in a solid-like state at rest. Some researchers have used instrumental texture analysis to characterise 
the properties of these systems (Dufresne & Germain 2002; Wendin et al. 2010), but there is little 
evidence in literature to indicate that researchers have tried to understand these systems using 
fundamental material and rheological properties. This could be due to the fact that these complex, 
multiphase systems are difficult to measure and analyse.  
The fundamental understanding of structure-property-function of texture modified foods and 
its impact on the flow, oral perception and ease of swallow is still lacking. The key motivation 
for this project is to determine the structure-property-function relationship in these foods, as this 
research is critical in order to rationally design food for people with dysphagia.  
 
1.2 Project Background 
This PhD project was part of an Australian Research Council (ARC) Linkage project with Returned 
and Services League (RSL) Care Queensland and Two Short Giraffe’s.  The central kitchen at RSL 
Care Queensland prepares meals for 15 aged care homes under the management of their parent 
company.  Approximately 35% of their residents required texture modified foods due to swallowing 
difficulties - hence their interest in improving the quality of these foods. The overall aim of the 
linkage project was to develop novel texture modified foods that would improve ease of 
swallowing, nutritional uptake and hydration in aged care patients. This was to be achieved by 
developing fundamental understanding of rheology and food material properties, ingredient 
interactions with regards to product formulation, flavour and nutrition, as well as understanding the 
interrelationship of food design, properties and processing.  
RSL Care Queensland have adopted the Australian guidelines (Dietitians Association of Australia 
& The Speech Pathology Association of Australia 2007) for texture modification which stipulates 
three levels of texture modification: Texture A – soft, Texture B - minced and moist and Texture C 
– smooth and pureed, as shown in Figure 1.1. 
The Australian guidelines were developed in 2007 to encourage institutes such as aged care homes 
and hospitals to standardise their foods for treatment of dysphagia patients, as there are several 
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advantages in texture modification.  Firstly, texture modification results in minimising the effort 
required to chew food as food is already broken-down into particle sizes that can be easily 
swallowed.  Secondly, particle size reduction assists in the prevention of choking as there are no 
large pieces of food that could potentially obstruct the airway. Finally, the soft-solid like structure 
of minced and pureed foods reduces the speed at which the food is transported from the mouth to 
the pharynx, allowing the patient sufficient time to activate the swallowing reflex i.e. a safe 
swallow.  However, the main issues with texture modification are poor visual appearance and lack 
of eating satisfaction.  Texture modified foods are often served using ice-cream scoops with the 
patients receiving three different coloured scoops of foods (Figure 1.1) on a daily basis.  The mushy 
appearance and texture of the food provides little enjoyment during eating which eventually results 
in loss of interest in eating, which leads to malnutrition and dehydration.   
 
 
Figure 1.1: Australian standards for texture modified foods and fluids (from Dietitians Association 
of Australia) 
 
Texture modification leads to high a particulate-loaded systems which behave like soft-solids at rest 
and are comparable to structured fluids, which start to flow once the applied stress reaches a critical 
limit i.e. a transition from a solid-like to a liquid-like behaviour can be seen (Stokes & Frith 2008).  
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Structured fluids are highly complex rheologically and difficult to measure which is also true for 
texture modified foods. Further complexity in texture modified foods arises from the presence of 
large particle size and particle size distribution as well as high concentration of the solid phase 
suspended and very low liquid phase, resulting in these systems being in a jammed state and having 
high yield stresses i.e. stress at which a material starts flow. In texture modified foods, yield stress 
can be a determining factor in the appearance of the plated food as to whether the different scoops 
of food will maintain their shape or spread and blend into each other. It is also an important 
indicator of the force or effort required to manipulate the food in the mouth to form a bolus that will 
flow.   
Based on existing literature, there has been limited research on understanding the effect of particle 
morphology and distribution as well as solid to liquid phase ratios on the microstructure and in 
particular the rheology of texture modified foods. In these systems, microstructure is affected by the 
method of comminution and whether any liquid components such as sauce, water, milk etc are used 
as a processing aid to achieve the desired texture. Understanding the inter-relationship between 
product and processing parameters that affect underlying microstructure and hence the rheology of 
texture modified foods and how these foods are perceived in term of ease of swallow, are critical in 
designing foods for dysphagia. Figure 1.2 summaries the potential processing-structure-function 
relationship of these systems which formed the basis for the research in this PhD project.   
 
 
Figure 1.2: Structure-property-function relationship investigated in this PhD 
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In this project we used comminuted green peas as our model system to determine the structure-
property-function relationship of texture modified food with an expectation that these findings 
could add to the knowledge on factors that affect the flow behaviour and sensory perception of soft 
particulated solids. 
 
1.3 Thesis Outline 
The overall aim of this project was to determine the relationship between the structure-property-
function of texture modified peas (model system) by understanding the effect of processing and 
comminution on the microstructure and rheology of the peas; key parameters that affected these 
microstructures and the impact of changing these microstructures on the sensory perception of these 
peas. Understanding the rheological and sensory attributes of comminuted peas that make them 
easier to swallow would assist in building the knowledge on texture modified foods that is currently 
lacking. 
The chapters in this thesis are designed to explain the research that was undertaken to achieve the 
overall aim of this PhD project. Chapter 1 sets out the project aims and objectives and the 
motivation behind undertaking this research. Chapter 2 reviews the literature on dysphagia, oral 
processing, structure and rheology of concentrated plant based suspensions and the various factors 
that impact on their flow behaviour and sensory perception. Chapter 3 describes the materials and 
methods used throughout this project. Chapter 4 focuses on the impact of processing (comminution) 
on the structure and rheology of green peas. Chapter 5 investigates the key parameters that 
determine the rheology and microstructure of soft particulated solids which may impact on the oral 
processing of these foods. Chapter 6 describes an alternative method of measuring the cohesiveness 
of comminuted peas as cohesiveness of the bolus is critical parameter for a safe swallow. Chapter 7 
consolidates the findings from the other chapters by investigating the impact of processing and 
microstructure on the sensory perception and ease of swallow of comminuted peas. The thesis ends 
with Chapter 8 which summarises the overall conclusions from this research and recommendations 
for future research.   
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1.4 Thesis Objectives 
The key objectives in this project were as follows: 
 To determine the effect of processing and comminution on the structure and rheology of the 
green peas and to determine the relationship between structure and rheology of comminuted 
peas. 
 To identify the key parameters (particle size, distribution and morphology, serum content, phase 
volume, particle hardness, yield stress, moduli etc.) that determines the microstructure of 
comminuted peas and the impact of changing these parameters on the flow properties and 
rheology of comminuted green peas. 
 To determine how the changes in these key parameters impact on oral perception of these foods. 
 To determine the rheological properties and sensory attributes of comminuted peas that makes 
them easier to swallow.  
 To determine if a particular product parameter that is responsible for “ease of swallow”. 
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CHAPTER 2 
 
2 Literature Review 
 
 
This literature review explores the multi-scale structures of texture modified foods prescribed in 
dysphagia diets, the texture and rheology of these foods and factors that impact on the oral 
processing and sensory perception, from a dysphagia perspective. The rheological techniques used 
to characterise concentrated suspensions, especially plant based materials and their correlations to 
sensory perception are also reviewed.  
 
2.1 Dysphagia 
Survival of human beings is dependent on eating and drinking sufficient food and water to meet 
their nutritional requirements. In order to eat or drink, food and water has to be transported safely 
from the mouth to the stomach i.e. a safe swallow. Normal, healthy people swallow approximately 
1000 to 3000 times per day (Martino 2012) without consciously thinking about it. However, people 
suffering from dysphagia have impaired swallowing and therefore have difficulties in transporting 
the food and water to the stomach safely. They are unable to consume sufficient food and water to 
meet their daily nutritional requirements and as a result malnutrition and dehydration is a common 
problem with dysphagia sufferers.  
Dysphagia can be caused by a number of diseases and disorders. These are mainly neurological 
such as stroke or cerebrovascular accident, brain injury from trauma or bleeding, degenerative 
diseases such as Alzheimer's disease, neuromuscular disorders such as Parkinson’s disease or 
mechanical such as cancer, oral trauma and/or surgery, craniofacial abnormalities (Ney et al. 2009; 
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Speech Pathology Australia 2004). Of these stroke is estimated to be the most common cause of 
dysphagia  (Ickenstein et al. 2005). Stroke is also the leading cause of long-term disability in 
Australian adults, and represents 25% of all chronic disability (Australian Institute of Health and 
Welfare 2003). Dysphagia can also be caused by the aging processes such as decaying or missing 
teeth, poor fitting dentures, reduced muscle control in the oral cavity (including the tongue), 
reduced saliva production or dry mouth due to medication (Ney et al. 2009) etc. 
Dysphagia results in different physical, social, psychological and economic burdens to the 
individual and the society (Cichero & Altman 2012). The consequences of malnutrition and 
dehydration are weight loss, muscle breakdown, fatigue, aspiration pneumonia and overall decline 
in general health (Ney et al. 2009). The psychological effect of dysphagia has a significant impact 
on the quality of life for the sufferers. Eating can become a chore for dysphagia patients as they 
often choke or aspirate during eating. They can only consume a small mouthful of food at a time to 
avoid choking hence it takes a long time to consume the food.  Some patients in aged care facilities 
feel embarrassment or isolation in social situations involving eating as they are often coughing 
throughout their meal (Ekberg et al. 2002). This can also affect the patient’s relationship with their 
carers and family which makes the patients feel anxiety and panic, destroying the social interaction 
and enjoyment aspects of meal times, which can undermine their health and confidence and reduce 
the quality of their life.  
Dysphagia also results in economic burdens for the individual and the society. Australia, like the 
rest of the world has an aging population with a prediction that by 2051, 20% of the Australian 
population will be over the age of 70 (Aging and Aged Care in Australia). As dysphagia is also an 
age related disease, it is fair to assume that the number of people suffering from dysphagia will 
increase dramatically over the coming years. The cost of dysphagia arises from the additional care-
givers required to feed the patients during meals times, poor overall health due to malnutrition and 
dehydration and the health care costs associated with aspiration pneumonia. Feeding a dysphagia 
patient can take up to 34 minutes (Steele et al. 1997) and with 40 to 60% of institutionalised elderly 
suffering from dysphagia (Steele et al. 1997) this can put huge financial constraints on aged care 
homes to provide assistance during feeding times. Aspiration pneumonia is the leading cause of 
death in stroke and neurodegenerative disease patients (Almirall, Cabre & Clavé 2012) who often 
also have swallowing difficulties. Dysphagia increases the average length of stay in hospitals by 
1.64 days and the economic impact of dysphagia is calculated to be USD 547 million annually in 
hospital setting (Altman, Yu & Schaeffer 2010). 
The current solution to this problem is to place the dysphagia patients on thickened fluids and 
texture modified food diets. The rationale behind these dysphagia diets is that by modifying the 
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texture of the food or thickening the fluids, the flow rate at which the food or the fluid arrives at the 
pharynx will be slowed down, allowing the dysphagia sufferer sufficient time to close the airway 
and swallow safely without aspirating (Quinchia et al. 2011). Increasing the viscosity of liquid 
foods using thickeners such as starches, gums and other polysaccharides has been reported to 
reduce aspiration (Diniz et al. 2009; Logemann et al. 2008), however this is not a nutritious 
solution. 
 
2.2 Dysphagia Diets 
2.2.1 Dysphagia Diet Guidelines 
Dietetics associations in various countries, namely America, Britain and Australia, have developed 
guidelines for dysphagia diets.   The American National Dysphagia Diet (National Dysphagia Diet 
2002) and the British National Descriptors for Texture Modification in Adults (British Dietetics 
Association 2002) were both developed in 2002 in response to professionals working in the area, 
requesting a common language to describe the foods and fluids used for the nutritional management 
of patients with dysphagia.  The British guidelines have since been updated (British Dietetics 
Association and Royal College of Speech and Language Therapists 2012) and other countries such 
as Sweden are in the process of developing their guidelines based on sensory and rheological 
methodologies (Wendin et al. 2010). The Australian guidelines were jointly developed in 2007 by 
the Dietetic Association of Australia and Speech Pathology Australia (Figure 1.1). Table 2.1 
summarises the dysphagia texture guidelines from these three countries. As can be seen, they vary 
from country to country in the number of levels of modification and how each level is described. A 
recent paper discusses these variations from various countries and their implications in order to 
justify why international terminology for dysphagia guidelines is required (Cichero et al. 2013). 
Although there is lack of consistency on the terminology of different textures of foods, they all 
recommend particle size reduction to achieve the required texture. The details of the Australian 
guidelines for texture modified foods, as explained in Atherton et al. (2007) are summarised below. 
The texture modification in this research project is based on these Australian guidelines. 
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Table 2.1: Comparison of dysphagia diet guidelines from Australia, USA and UK  
 
 
2.2.2 Texture A - Soft 
Texture A diet is suitable for individuals with mild oral or pharyngeal dysphagia. Adequate 
dentition and mastication is required in this diet. Approved foods are usually modified regular foods 
which are soft and moist (with sauce and gravy) which can be easily broken up with a fork.  The 
targeted particle size for adults is 15 x 15 mm. Some examples of food suitable for Texture A diet 
are ripe fresh fruits (banana, pawpaw), well cooked vegetables, bread, cereals (not containing nuts, 
seeds or dried fruit) noodles, pasta, casseroles with tender pieces of meat, moist fish, yoghurt, soft 
cheeses, moist cakes, puddings etc. 
2.2.3 Texture B – Minced and Moist 
Texture B diet is suitable for individuals with mild to moderate oral or pharyngeal dysphagia. 
Individual should be able to use their tongue to break the lumps in this texture. Foods should be 
moist, soft textured, and easily formed into a ball. Meat must be ground or minced, with lumps that 
are soft and rounded. The targeted particle size for adults is 5 mm. Some examples of food suitable 
for Texture B diet are cottage cheese, soft canned fruit, scrambled eggs, macaroni cheese, porridge, 
tender cooked vegetables, minced tender meat with sauce, soft moist cakes etc. 
Australian American British 
Texture A – Soft    
(≤ 15mm) 
Dysphagia 
Advanced (≤ 25 
mm) 
Texture E - Fork 
Mashable Dysphagia 
Diet (≤ 15 mm) 
Texture B – 
Minced and Moist 
(≤ 5mm) 
Dysphagia 
Mechanically 
altered (≤ 6mm) 
Texture D - Pre-
mashed Dysphagia 
Diet (≤ 2mm) 
Texture C – 
Smooth Pureed 
Dysphagia Pureed Texture C - Thick 
Puree Dysphagia 
Diet 
  Texture B - Thin 
Puree Dysphagia 
Diet  
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2.2.4 Texture C – Smooth Pureed 
Texture C diet is designed for people who have moderate to severe dysphagia, with poor oral phase 
abilities and reduced ability to protect their airway. Foods should be smooth and lump free 
(“pudding-like”), moist and cohesive enough to hold its shape on a spoon (when plated these foods 
should not “bleed” into each other) and may have a grainy quality. Some examples of food suitable 
for Texture C diet are hot cereal with a smooth texture (semolina or pureed porridge), pureed pasta, 
meat, vegetables and fruits, mashed potatoes, plain yoghurt, smooth puddings etc. 
Particle size reduction and how the food should behave on a fork are the two criterions in agreement 
for all these texture modification guidelines and standards. These do not define any texture or 
viscosity ranges or any fundamental measurements that can be used to accurately define or 
determine the textural or rheological properties of texture modified foods. Adding fundamental 
measurements such as viscosity and yield stress to the guidelines would be beneficial in improving 
the consistency and hence reproducibility of these foods which would enhance their ease of 
swallow. 
2.3 The Physiology of Swallowing 
Normal food swallow is a smooth coordinated process whereby a combination of voluntary and 
involuntary muscles transport the food bolus from the mouth to the pharynx and then from the 
oesophagus to the stomach, for a safe swallow. Swallowing and respiration are reciprocal functions 
i.e. respiration halts during pharyngeal phase of swallowing because swallowing is an airway 
protective reflex. There are four main stages of a normal swallow (Logemann 1998): 
1. Oral preparatory phase - where the food is manipulated in the mouth and masticated if necessary 
i.e. reducing the food to a consistency ready to swallow. 
2. Oral phase - when the tongue propels the food posteriorly until the pharyngeal swallow is 
triggered 
3. Pharyngeal phase - where the pharyngeal swallow is triggered and the bolus is moved through 
the pharynx. 
4. Oesophageal phase - when the oesophageal peristalsis carries the bolus through the cervical and 
thoracic oesophagus and into the stomach. 
The duration and characteristic of each of these phases is dependent on the type and volume of food 
being swallowed. Each phase has a specific function, and if any of these stages of swallowing are 
impaired, it may result in dysphagia for the patient.  
12 
 
2.3.1 Oral Preparatory Phase 
During the oral preparatory phase, the tongue positions the food on the teeth, the upper and lower 
teeth crush the food, the food falls medially towards the tongue which moves the food back onto the 
teeth. This cycle is repeated until the food is masticated and mixed with the saliva and the particle 
size of the food has been reduced sufficiently and lubricated adequately to deem the bolus safe for 
oral phase of swallow. A great deal of sensory information, such as, texture, flavour, taste etc. is 
processed from the sensory receptors in the oral cavity during the oral preparatory phase. 
The movement pattern in the oral preparatory phase of swallow varies depending on the viscosity of 
the material to be swallowed and the amount of oral manipulation the individual uses in savouring a 
particular food. For liquid foods, certain amount of cohesiveness needs to be maintained as the 
tongue cups around the liquid bolus. Thicker consistency material often remains as a cohesive bolus 
in the mouth even after oral manipulation or mastication.  These naturally cohesive, “paste” like 
consistency bolus is preferred by patients with reduced tongue control (Logemann 1998).  However 
if the paste is too “thick”, like peanut butter, it might be difficult for these patients to propel the 
material posteriorly and stop it from adhering to the hard palate. 
The larynx and the pharynx are at rest during the oral preparatory phase of swallowing.  The airway 
is open and the nasal breathing continues.  If a person loses control of the bolus at the oral 
preparatory phase, it can trickle into the pharynx and enter the open airway. 
2.3.2 Oral Phase   
Once the bolus is prepared, it is directed to the central position on the tongue. The tongue squeezes 
the bolus posteriorly against the hard palate into the pharynx, where the swallowing reflex is 
triggered. This stage of the swallow takes on average 1 to 1.5 seconds to complete, however this 
increases slightly as the viscosity of the bolus increases.  
Oral phase dysphagia is often due to weakened muscles in the structure of the mouth.  These 
include poor dentition, reduced tongue movement and oral sensation, as well as reduced production 
of saliva due to medication (Ney et al. 2009).  The patients are unable to prepare a bolus that is safe 
and easy to swallow in terms particle size reduction and lubrication of the foods.   
2.3.3 Pharyngeal Phase   
The pharyngeal phase of swallowing is only initiated after the swallow reflex has been triggered. 
This phase takes place in less than one second in healthy people and involves a rapid sequence of 
overlapping events as the bolus moves from the oral cavity into the pharynx. The initiation of the 
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process starts with breathing temporarily stopping so that food is not inhaled and a retraction of the 
tongue and elevation of the soft palate, leading to closure of the velopharyngeal, which prevents 
material from entering the nasal cavity. The larynx moves upwards and forward which allows the 
epiglottis to fold backward to close the airway to prevent material from entering it. The tongue 
pushes backward and downward into the pharynx to propel the bolus down. The tongue is assisted 
by the pharyngeal walls, which move inward with a progressive wave of contraction from top to 
bottom. The upper oesophageal sphincter is pulled open with the upward movement of the larynx 
(closing of the airway) and the weight of the bolus, which allows the bolus to enter the oesophagus. 
The sphincter closes after passage of the food and the pharyngeal structures return to their resting 
position. 
Therefore pharyngeal phase dysphagia is where the patient is unable to effectively close the airway 
and swallow a bolus without aspirating, as the bolus arrives in the pharynx before the pharyngeal 
swallow has been activated (Logemann 1998). Patients with delayed pharyngeal swallow can 
benefit from pureed and thick foods as well as thickened fluids as the thick consistency of the food 
delays the time and speed at which the bolus enters the pharynx.  
2.3.4 Oesophageal  Phase   
The oesophageal phase of swallowing involves a wave of muscle contraction or peristaltic muscle 
action which propels the bolus into the oesophagus.  An interval of 8 to 20 seconds may be required 
for the bolus to travel through the oesophagus into the stomach.  This transit time depends on the 
texture and consistency of the food.  When the bolus reaches the bottom of the oesophagus, the 
lower oesophageal sphincter relaxes and allows the food bolus to enter the stomach. Once the bolus 
has entered the stomach the lower oesophageal sphincter closes to prevent the reflux of stomach 
contents back up through the oesophagus. 
Oesophageal phase dysphagia cannot be modified by therapy, but postural changes can sometimes 
be helpful.  Patients can suffer from reflux as the food can back-flow from the oesophagus into the 
pharynx. This backflow material can enter the airway causing aspiration, giving similar symptoms 
to pharyngeal swallowing disorder.   
The focus of this research is on texture modification of food for oropharyngeal dysphagia which 
includes the oral preparatory, oral and pharyngeal phases of swallow i.e. first three stages of normal 
swallow. Oral preparatory stage which is under voluntary control encompasses difficulties 
associated with mastication of the food and formation of a swallowable bolus. The oral phase is 
about containing, controlling, transporting and propulsion of the bolus to the pharynx and the 
pharyngeal phase is about the safe transportation of the bolus through the pharynx (Cichero & 
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Altman 2012). Figure 2.1 summarises the difference between oesophageal and oropharyngeal 
dysphagia and the consequences of dysphagia. Most of the dysphagia literature focuses on the 
oropharyngeal stages of swallow because interventions such as texture modification of foods, 
increasing the viscosity of liquids and changing the head and chin positions during swallow all 
enhance the formation and safe transportation of the bolus from the mouth and into the pharynx. 
These will be discussed in more detail later in the chapter. 
 
Figure 2.1: Differences between oesophageal and oropharyngeal dysphagia, and the consequences 
of dysphagia – reproduced from Cichero and Altman (2013). 
 
2.3.5 Functional elements of swallowing 
There are five main functional elements of swallowing – laryngeal closure, nasopharyngeal closure, 
upper oesophageal sphincter (UES) opening, bolus propulsion, and pharyngeal clearance, as 
explained by Kahrilas (1993) and illustrated in Figure 2.2. Laryngeal closure is achieved by 
laryngeal elevation i.e. larynx moves upwards and forwards in order to close and protect the airway. 
Dysfunction in the laryngeal closure can result in aspiration.  Nasopharyngeal closure is achieved 
by elevation of the soft palate to avoid any food from entering the nasal cavity. UES opening is 
achieved by the relaxation of the sphincter, which occurs about the tenth of second before the 
sphincter opens. The opening of the sphincter allows the bolus to enter the oesophagus. Dysfunction 
in the UES opening leads to dysphagia and post-swallow dysphagia. The bolus is propelled through 
the UES by the tongue. Tongue dysfunction can lead to slow and misdirected propulsion of the 
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bolus. Any pharyngeal residue after the swallow is cleared by pharyngeal contractions to avoid the 
risk of post-swallow aspiration. Dysphagia can occur if there is a dysfunction in any of these five 
elements. Modification of texture affects the bolus rheology which could impact on the bolus 
propulsion and pharyngeal clearance elements of the swallow function. 
 
 
Figure 2.2: Functional elements involved in swallowing of food bolus.  Reproduced from Cancer 
Research UK website (www.cancerresearchuk.org) 
 
2.3.6 Properties governing oral processing and swallow in dysphagia sufferers 
Videofluoroscopy is a gold standard technique used to determine swallowing disorders in dysphagia 
patients (Clave et al. 2006). Patients are often given fluids and foods containing barium in order to 
visualise the flow of the bolus under x-ray and to determine the cause of the swallowing disorder. 
This visualisation technique has also been used to study the effect of changing the viscosity and 
volume of the food on various functional elements involved in the swallowing of a bolus. 
Increasing the viscosity of liquids and reducing the particle size of normal food has essentially 
helped to shape the dysphagia management practices i.e. use of thickened fluids to reduce the risk 
of aspiration (National Dysphagia Diet 2002). Increasing the viscosity of the food/liquid decreases 
the speed and increases the pharyngeal transit time (Dantas et al. 1990; Pouderoux & Kahrilas 
1995) at which the bolus arrives at the pharynx, allowing the dysphagia sufferer sufficient time to 
close the airway for a safe swallow. Increased bolus viscosity has also been associated with the 
functioning of the UES. Increased viscosity leads to prolonged opening of the UES, increased 
contraction of  the UES after the clearance of the bolus and  generation of higher pressures at 
sphincter opening (Raut, McKee & Johnston 2001). However, this claim of increased pharyngeal 
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transit time by viscous bolus has been disputed by Raut et al. (2001) who found that increasing the 
viscosity did not have an effect on pharyngeal transit time but it did increase the bolus pressure and 
pharyngeal clearing contraction in oropharynx and hypopharynx (Figure 2.2). With a viscous bolus, 
the pressure difference between the head and the tail of the bolus increased sharply in order to 
maintain the velocity of the bolus during transportation, as the sphincter opening time did not 
increase.  Therefore, as the viscosity of the bolus is increased, the tongue has to apply greater 
pressures to maintain the flow rate and the hypopharynx has to contract harder and for longer to 
protect the pharynx (Raut, McKee & Johnston 2001). Logemann (1998) also found that when the 
bolus viscosity was increased, more force or pressure was required to propel the food cleanly and 
efficiently from the oral cavity into the pharynx.   
The bolus viscosity also impacts on the volume of the food that can be swallowed safely.  In general 
as the bolus viscosity increases, the maximum volume swallowed decreases. The volume of liquid 
boluses can range from 1 ml (saliva) to 20 ml (drinking from a cup). As the viscosity is increased to 
“pudding” thickness the bolus volume decreases to 5 to 7 ml on average. For thicker foods like 
mashed potatoes, bolus volume decreases further to 3 to 5 ml and average bolus volume for meat is 
approximately 2 ml. The reduction in the bolus volume with increasing viscosity allows for an 
easier transition of the bolus from the pharynx to the UES (Logemann 1998). 
The main role tongue in the swallowing process is to propel the bolus into UES. This role becomes 
more important when the oral cavity is challenged by a larger volume of food where the tongue has 
to create a more spacious propulsion chamber (Kahrilas 1993). During large volume bolus swallow, 
the tongue is stressed which results in increased intrabolus pressure and a vigorous expulsion of the 
bolus. Increasing the bolus volume initiates the anatomical changes of the oropharynx (upper part of 
the pharynx, above the hyoid bone) earlier and persists for longer compared to smaller volumes 
(Kahrilas 1993). People with normal swallow are able to adapt their oral function depending on the 
viscosity, volume, and other properties of the food. However, people with impaired swallowing are 
unable to make the required adjustments or generate the tongue and hypopharynx contraction 
pressure required to swallow a viscous bolus, which results in aspiration. Hence, the consistency 
(rheology) of the foods and the resulting bolus both needs to be evaluated prior to recommending a 
particular diet or fluid to a dysphagia sufferer. Unfortunately the majority of literature on 
swallowing studies with dysphagia patients focuses on liquid foods. Rigorous studies on physical 
and rheological properties of minced and pureed foods that make them easy to swallow are lacking. 
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2.4 Food Texture 
Food texture is defined by Bourne (2002) as “the textural properties of a food are that group of 
physical characteristics that arise from the structural elements of the food, are sensed primarily by 
the feeling of touch, are related to the deformation, disintegration, and flow of food under a force, 
and are measured objectively by functions of mass, time, and distance.” 
Oral food texture is a human experience arising from our interactions with food as the food breaks 
down in the oral cavity by the process of mastication and mixing of saliva until it is swallowed, 
hence it is a multimodal sensory property (Foegeding et al. 2011). Food texture is taken for granted, 
unless it is different to what the person is expecting (Bourne 2002) and that is why flavour is the 
reason why most foods are liked and texture is the reason why foods are rejected (Cardello 1996).   
Instrumental texture and attributes on the other hand arises from deformation of the samples on a 
texture analyser until it flows or fractures and the results from these deformation studies are often 
used to predict how a food product may breakdown in the mouth. One parameter measured on a 
texture analyser cannot predict or match the deformations in the mouth or the chemosensory 
perceptions by human senses (Foegeding et al. 2011). Instrumental texture measurement techniques 
essentially eliminate individual to individual variability and hence they are often used during 
product development to determine product attributes (e.g. hardness) and relate the measured 
parameter to sensory perception. However, food texture judged sensorily is a dynamic process and 
it changes over time as the food is masticated, mixed with saliva and swallowed, and it also varies 
from individual to individual. 
Texture measurements using a texture analyser are widely used in the food industry to grade food 
quality (Bourne 2002). Never the less, these are empirical or imitative tests developed by 
experimentation and observations and can lack rigorous scientific basis (Rosenthal 1999) as each of 
the tests measures the characteristics of the food in an arbitrary way. In an empirical test the 
resistance of the sample to force deformation is recorded, usually resulting in one instrumental 
parameter (Wilkinson, Dijksterhuis & Minekus 2000) that can be used to assess a particular 
characteristic of the test sample. Unfortunately, these single point tests are generally inapplicable to 
any other conditions (Rosenthal 1999). Imitative tests try to mimic the actions of the teeth or jaws 
during sensory measurement, resulting in several instrumental parameters which can be used to 
predict how the test sample may breakdown in the mouth.  
The most commonly used imitative texture test in the food industry is “Texture Profile Analysis” 
(TPA).  It is a double compression test where the sample is compressed and decompressed twice to 
a predetermined height at a selected speed in an attempt to mimic the first and second bite. The 
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force – time data generated during the double compression is used to determine the hardness, 
elasticity, adhesiveness, cohesiveness, brittleness, chewiness and gumminess values of foods.  
However, “textural attributes” from imitative and empirical tests show poor correlations to sensory 
perceptions (Rosenthal 1999) as a range of deformations are occurring during the test which cannot 
be easily related to different structural components within the food (Stokes, Boehm & Baier 2013). 
Despite these short-comings, TPA can be a value tool if used with the knowledge of its limitation. 
TPA has been used widely in the preparation of food for dysphagia. The National Dysphagia Diet 
(2002) produced a range of textural descriptors relevant to dysphagia based on these TPA “textural 
attributes” because of the relative ease of use of texture analysers and their ability to utilise software 
programs to aid in measurement. Table 2.2 compares the textural parameter determined from the 
TPA test to its equivalent sensory definition (Rosenthal 1999) and the sensory descriptors defined 
by the National Dysphagia Diet (NDD). 
In their Prophagia patent Dufresne and Germain (2002) developed a “safe swallowing texture 
index” (SSTI) using the TPA parameters for their range of texture modified food products for 
dysphagia. They described and quantified each of the textural parameters, detailed in Table 2.2, in 
order to ensure the quality and reproducibility of their foods. Their patent is the only piece of 
literature that set limits on the measured textural parameters such that if the measured parameter is 
within the range that they specify, the food is deemed to be safe to swallow. The description of the 
textural parameters and their ranges, as given in the patent, are summarised. They describe firmness 
as the initial force required to compress or manipulate the food in the mouth, which should be kept 
to a minimum in order to limit fatigue during eating. Firmness values for reshaped minced meat 
ranged from 1.0 to 11.1 N. According to the patent, low cohesiveness ratio indicates that the macro-
structure of the food was significantly broken down during the initial compression and that less 
energy would be required by the patient to transform the food into a cohesive bolus ready for 
swallow. Cohesiveness values for reshaped minced meat ranged from 0.11 to 0.39. They suggest 
that the springiness value should be kept to a minimum to avoid the food from returning to its 
original shape because this would require extra energy to manipulate the food in the mouth to form 
a bolus ready for swallow. Springiness values for reshaped minced meat ranged from 1.32 to 
24.42%. The authors describe adhesiveness as an important parameter in texture modified foods as 
this indicates the force/energy required to break the attraction of the food from the structures in the 
mouth such as teeth, palate and tongue.  People with dysphagia in general have weak muscles in the 
mouth hence it is difficult for them to dislodge food stuck on the structures in the mouth. Therefore 
adhesiveness needed to be kept at a minimum. Adhesiveness values for reshaped minced meat 
ranged from -0.20 to -1.21. Chewiness was described as the force necessary to reduce a solid into a  
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Table 2.2: Instrumental textural parameters (from TPA) compared to its equivalent sensory 
definition and the sensory descriptors defined by the National Dysphagia Diet. 
Parameter  Sensory definition 
(Rosenthal 1999) 
NDD descriptors – as relevant to Dysphagia 
(National Dysphagia Diet 2002) 
 
Hardness  Force required to compress a food 
between molars 
 
Hardness – the force required to compress a solid 
food to attain a certain deformation.  An example is 
the chewing of a hot dog just prior to when it begins 
shearing. 
Elasticity   The extent to which a  compressed 
food returns to its original size 
when the load is removed 
 
Springiness – the degree or rate that a sample 
returns to its original shape after being compressed.  
An example is marshmallow being compressed and 
released between the tongue and palate. 
Adhesiveness  The work required to pull the food 
away from a surface 
 
Adhesiveness – the work required to overcome the 
attractive forces between the surface of the food 
and another surface to which it has contact.  An 
example is the amount of work required to remove 
peanut butter to the palate. 
Cohesiveness The strength of internal bonds 
making up the food 
 
Cohesiveness – the degree to which the food 
deforms rather than shears when compressed, as 
when a moist bolus of saltine crackers is 
compressed between tongue and palate. 
Brittleness The force at which the material 
fractures.  Brittle foods are never 
adhesive 
 
Fracturability (“Biteability”) – the force that 
causes a solid food sample to break.  An example is 
biting peanut brittle with the incisors. 
Chewiness 
 
 
 
 
Gumminess 
The energy required to chew a 
solid food until it is ready for 
swallowing.  = Hardness x 
Cohesiveness x Elasticity 
 
The energy required to 
disintegrate a semisolid food so 
that it is ready for swallowing.     
= Hardness x Cohesiveness 
 
Viscosity* – the rate of flow per unit force.  An 
example is the rate at which milk shake is drawn 
into a straw by suction. 
Yield Stress* – the minimum amount of shear 
stress that must be applied to a food before flow 
begins.  An example is the force required to get 
ketchup to flow out of a bottle. 
Firmness* – the force required to compress a 
semisolid food.  An example is compressing 
pudding between the tongue and palate. 
   
*these parameters do not have a direct comparison with the textural parameters 
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ready-to-swallow bolus. It is the product of firmness, cohesiveness and springiness. Chewiness 
values for reshaped minced meat ranged from 0.41 to 28.61 N.  Gumminess was the force required 
to reduce semi-solid foods into a ready to swallow bolus. It is the product of firmness and 
cohesiveness. Gumminess values for reshaped minced meat ranged from 0.21 to 3.78 N. 
Penetration and compression tests, using a texture analyser have been used by several researchers 
(Iida, Katsumata & Fujishita 2011; Ishihara et al. 2013; Momosaki, Abo & Kobayashi 2013; 
Wendin et al. 2010) to measure the texture of solid foods like jellied meat and vegetables, paté and 
timbale, rice and noodles and fluid foods used as food for dysphagia as well as agar gels used as 
model foods systems. Some authors used the force-time data to determine stress-strain relationships, 
whereas others use the textural hardness, cohesiveness and adhesiveness data to interpret the 
sensory results.   
Although these imitative tests are widely used to characterise texture modified foods, it is difficult 
to compare results from different researchers as the test parameters are either not well defined or 
vary widely. It is also difficult to extrapolate the results from one type of food to another. The 
characterisation of texture modified foods using fundamental rheological tests in terms of viscosity 
and modulus will be beneficial for this industry. Rheological tests are scientifically rigorous as they 
measure innate physical properties of material, expressed in well-defined scientific units (Rosenthal 
1999).  The fundamental properties of materials allow interpretation of measurements in terms of 
structure-function which is needed for rational rather than empirical design. Characterisation of 
texture modified foods in terms of fundamental rheology is lacking.  
2.4.1 Current methods of preparing texture modified foods    
The Australian guidelines for texture modified foods have been implemented at RSL Care QLD. 
The preparation of pureed food varies depending on the operator as the particle size reduction and 
the texture of the food is judged visually by the operator. Additional liquid components such as 
sauce and water can be added (Keller et al. 2012a) by the operator if he or she deems that the 
texture is not correct. Texture modified food is served onto the plates using ice cream scoops. 
There are several patented processes for manufacturing texture modified foods. Prophagia 
Incorporated, a Canadian company, launched a range of texture modified foods in 2006, specifically 
designed for dysphagia sufferers. Foods were modified using a mincer or a vertical cutter to reduce 
the particle size and ingredients such as soy protein isolates, carrageenans and gelatines were added 
to thicken or stabilised the foods as they were moulded back into the shape of the original material 
and frozen (Dufresne & Germain 2002).  Foods were removed from the mould and heated to 65°C 
prior to serving.  These foods maintained their moulded shape upon reheating (Figure 2.3). Clinical  
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Figure 2.3: Examples of reshaped foods (ham, broccoli and chicken) 
 
studies showed that reshaping the foods improved the nutritional intake of dysphagia sufferers 
(Germain, Dufresne & Gray-Donald 2006) as the average weight of patients on the reshaped foods 
increased over the 12 weeks of the trial. The authors believe that the improved visual appeal was 
one of the contributing factors in inceased consumption of moulded foods.                            
Other inventors (Bulmer 2003; Hutterbauer 2004) used similar methods to Dufrense and Germain 
(2002) to produce the reshaped foods, except that Bulmer (2003) controlled the particle size by 
sieving the food through 0.5 to 2 mm aperture sieves to ensure that the largest particle in the 
reshaped food was less than 4 mm to avoid any risk of choking. 
2.4.2 Current issues with texture modified foods    
A recent systematic review of texture modified foods literature investigated if there was evidence to 
support the claim that texture modified foods reduce aspiration, improve dietary intake of foods and 
improve nutritional status of people suffering from oropharyngeal dysphagia (Andersen et al. 2013). 
The authors found that there was some evidence to support the claim that minced and pureed foods 
improved the dietary intake and nutritional status in elderly people suffering from dysphagia, 
however there was no evidence to support the claim that texture modified foods can reduce 
aspiration pneumonia.  Andersen et al. (2013) did find evidence that the incidences of aspiration 
pneumonia were reduced in people suffering from chronic dysphagia if they used the “chin down” 
procedure when consuming thin fluids. This review highlighted the lack of evidence to support the 
use of texture modified foods and fluids guidelines in the treatment and management of dysphagia 
in general. Nevertheless, they did find some evidence that chronic dysphagia sufferers benefited 
from texture modified foods.  
The current texture modified foods guidelines and standards are based entirely on particle size in 
order to minimise the risk of choking. Appearance and nutritional composition of the food appear to 
be secondary issues. Visual appeal of texture modified foods is poor, as it is often served using ice-
cream scoops, colour of the food is not as vibrant, liquid can separate out (syneresis) and scoops of 
food can blend or bleed into each other (Keller et al. 2012a). However, the visual appearance of the 
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food is the initial sensory trigger that determines if the food would be consumed. Hence, researchers 
and inventors (Bulmer 2003; Germain, Dufresne & Gray-Donald 2006; Hutterbauer 2004) have 
reshaped/moulded minced and pureed foods back into their original shape (Figure 2.3) to improve 
the visual appeal.  Unfortunately, addition of thickeners such as gums and starches which aid the 
reshaping process dilutes the nutrient content and flavour of the food, as does the process of 
pureeing as additional liquid component is required to achieve the desired texture (Keller et al. 
2012a). As dysphagia sufferers can only eat a small portion of the meal before fatigue sets in, it is 
essential that the food that they consume is high in nutrient density, hence novel approaches to 
restructuring these foods need to be considered. Processing conditions can be controlled in plant 
based materials to change the size, shape, elasticity and inter-particle interactions  to modify the 
flow behaviours of such dispersions (Van Buggenhout et al. 2012) while still maintaining the 
nutritional composition (Foster 2011).  
A proper characterisation of these texture modified foods is important in understanding the 
structure/function relationship in order to rationally design such foods such that structure of the 
food would break down during oral processing in a desired manner.  
 
2.5  Oral Processing of Food 
Oral processing of food is a complex process which encompasses entrance of the food into the oral 
cavity, comminution of the food by the teeth, mixing with saliva to form a swallowable bolus and 
transportation of the bolus through the pharynx for a safe swallow (Stokes, Boehm & Baier 2013). 
Texture modification of foods by the process of mincing and pureeing basically eliminates the first 
three stages of oral processing that is shown in Figure 2.4. The food can therefore be considered as 
being “pre-chewed”, and the dysphagia sufferer only has to focus on oral manipulation to form and 
swallow the bolus.  
Enjoyment of eating food is dependent on all sensory properties of the food such as visual 
appearance, smell, taste, texture, and sound (in the case of crispy foods). These can all have a 
profound effect on the digestion, absorption and utilisation of the nutrients contained in the ingested 
food.  This is because these chemosensory simulations initiate physiological processes termed 
preabsorptive or cephalic phase responses at various sites within the body such as salivary gland, 
gastrointestinal tract, pancreas, cardiovascular and renal systems which assists with the digestion 
and absorption of the food consumed (Mattes 1997). 
 
23 
 
 
Figure 2.4: Proposed six stages of oral processing of solid food and at which stages the mechanics, 
rheology and tribology are important and how the changes in the structure impacts on sensory 
perception. Reproduced from (Stokes, Boehm & Baier 2013) 
 
Nutritionally, secretion of saliva has many important roles.  Firstly, saliva assists in the breakdown 
of the food into smaller particles and simulates the taste receptors.  Secondly, the water and 
glycoprotein content of the saliva provide lubrication to facilitate the formation and swallowing of 
the bolus and finally enzymes such as α-amylase in the saliva initiate the digestive processes.   
Taste and smell of food also stimulate the release of gastric enzymes such as trypsin, lipase and 
chymotrypsin and gut peptides involved in gastric emptying, intestinal absorption and satiety, which 
in turn enhance the nutrient absorption in the gut (Mattes 1997). 
Texture modified foods have poor visual appeal, taste, smell (especially meat products) and texture. 
People with dysphagia often have poor tongue movement and reduced saliva production hence they 
may not get the full sensory appreciation of the food being consumed.  As these sensory properties 
have a profound effect on secretion of digestive enzymes, a person on texture modified diet may not 
get the maximum release of these enzymes; hence they may not achieve the full nutritional benefit 
from food that they do consume. However, consumption of sufficient food and drink to meet the 
daily nutritional and hydration requirements is the main priority, as dysphagia patients commonly 
suffer from malnutrition and dehydration. In order to improve the consumption of these foods, a 
good understanding of the food properties that govern the oropharyngeal phase of swallow is 
needed.   
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2.5.1 Properties governing oral processing of foods 
Oral processing can be affected by a number of parameters. Firstly, the structure of the food – 
whether it is a solid, semi-solid or a liquid, affects the amount of structure breakdown that is 
required prior to swallow (Chen & Lolivret 2011). Soft foods can be consumed with much larger 
particle sizes compared to hard foods like peanuts (Peyron, Mishellany & Woda 2004). Secondly, 
lubrication of the food with saliva, sauces added to the foods, or serum released from plant based 
material also impacts on bolus formation and swallow. Finally, the flow and swallow of the bolus 
food is governed by the rheology (viscosity and yield stress) and cohesiveness of the bolus (Prinz & 
Lucas 1997). These parameters are all interrelated and have to be optimised for a safe swallow – 
with an added complication that the oral physiology varies from individual to individual (Peyron, 
Mishellany & Woda 2004). The relationship between oral processing and sensory perception is still 
not fully understood (Foster et al. 2011). 
2.5.1.1 Food Structure and Oral Breakdown 
The commonly cited Hutchings and Lillford’s (1988) model on oral breakdown of foods, as shown 
in Figure 2.5, suggests that the structure of the food has to be broken down sufficiently and 
lubricated efficiently before  a swallow response will be initiated. The process of chewing results in 
particle size reduction and lubrication with saliva (Hoebler et al. 2000; Hutchings & Lillford 1988; 
Prinz & Lucas 1995). The duration of chewing is governed by the bite volume and consistency of 
food (Foster et al. 2011; Peyron et al. 2011). Mastication studies on range of food products showed 
that hard and dry food required higher number of chews to form a swallowable bolus. For example, 
the chewing cycle increased from 17 to 63 for cake and carrot respectively (Engelen, Fontijn-
Tekamp & Bilt 2005). Hoebler et al. (2000) also found that the dry matter content of the food was a 
determining factor in the number of chewing cycles required to form a swallowable bolus as the 
food was chewed until the moisture content of the mouthful (lubrication with saliva) was adequate 
for swallowing. This was also observed by Loret et al. (2011) where three cereals with different 
moisture contents were chewed until the boluses reached the same final moisture content before 
they were swallowed.  
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Figure 2.5: Oral breakdown model for foods. Reproduced from Hutchings and Lillford (1988) 
 
Several researchers have found that increasing the lubrication of the food decreases the oral 
processing time and reduces the muscle activity required for bolus formation (de Wijk et al. 2008; 
Engelen, Fontijn-Tekamp & Bilt 2005; Pereira et al. 2006). Engelen et al. (2005) found that 
increasing the lubrication of bread, toast, melba toast and cake with butter reduced the number of 
chewing cycles required whereas research by Pereira et al. (2006) on similar foods showed that 
addition of fluids during chewing decreased the muscle activity to form a bolus, especially in foods 
such as cake and melba toast where the added fluid was absorbed into the structure of food, making 
it softer.  de Wijk et al. (2008) found that addition of oil to semi-solid custard desserts decreased the 
vibromyographic throat activities. Therefore lubrication, other than lubrication by saliva, also 
improves the swallowing process. 
The oral breakdown of semi-solid or solid food is governed by two opposing mechanical influences 
– fracture and adhesion i.e. forces that fracture the food and those that make them adhere to each 
other and to the structures in the mouth. Mastication involves multiple fractures of the food into 
particle sizes safe for swallowing, with saliva acting as a glue to aggregate these particles into a 
bolus (Hutchings & Lillford 1988). Swallowing seems to be triggered when it is perceived that the 
bolus is starting become cohesive (Lucas et al. 2004). The bolus producing force is opposed by the 
adhesive force, which tends to stick the particles in the oral cavity.  Adhesive force tends to be 
dependent on the size of the particles and the surface tension of saliva (Prinz & Lucas 1997).  
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Hoebler et al. (2000) conducted studies with starchy foods such as bread, spaghetti and tortiglioni to 
determine the particle size distribution of these foods prior to swallowing.  The particle size of pasta 
ranged from 0.5 to 30 mm after mastication and just prior to swallow whereas bread showed a 
bimodal distribution of 30 µm and 500 µm.  They achieved similar particle size distributions by 
wetting and mincing these foods using a 6 mm diameter mincing plates.  Their research suggests 
that mincing can be used as a simple method of simulating food structure breakdown in the mouth.   
Although the food structure of texture modified foods is mechanically broken down by the process 
of mincing and pureeing (to simulate a “pre-chewed” bolus from a particle size reduction and 
distribution perspective), the bolus still needs to be manipulated in the mouth (lubricated) to form a 
swallowable bolus and transported to the stomach. As the Hutchings and Lillford’s (1988) model 
suggests – a correct balance between structure breakdown and lubrication is required to trigger a 
swallow response.  
Saliva is an excellent lubricant (Bongaerts, Rossetti & Stokes 2007). It is a complex clear fluid 
consisting of approximately 98% water and the other 2% is composed of mucin glycoproteins, 
electrolytes, proteins, sugars, bacteria and enzyme (Chen 2009). Saliva is important in the 
protection of the oral surfaces from abrasion and wear (Bongaerts, Rossetti & Stokes 2007), 
however lubrication of the oral mucosa and the food with saliva is essential in swallowing of the 
bolus. Patients suffering from xerostomia (dry mouth) often have difficulties with swallowing as 
they struggle to provide sufficient lubrication to transport the bolus to the stomach. Hence 
lubrication with saliva is a critical parameter in the safe swallow of a bolus.  
2.5.1.2 Bolus Formation and Rheology 
A food bolus is mixture of chewed particles of food held together with saliva (Bourne 2002). 
Therefore the rheology of the bolus will be governed by particle size distribution achieved during 
the structure breakdown either by the process of mastication or by mincing and pureeing of the food 
and the viscous component binding these particles together (saliva and the serum and/or sauce from 
the food). 
The bolus formation theory by Prinz and Lucas (1997) also states that particle size reduction is 
crucial for bolus formation. As the food particles are broken down, saliva fills the gaps between the 
particles increasing the cohesion between the particles and the bolus is swallowed when the 
cohesive force is at maximum (Prinz & Lucas 1997).  
According to Chen et al. (2012), “bolus rheology is concerned with the constitution, mechanical, 
and fluid properties of the food bolus” i.e. the cohesive properties of the bolus and its interaction 
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with the surfaces within the oral cavity. As the physiology of the oral cavity differs from individual 
to individual (Peyron, Mishellany & Woda 2004), it is difficult to determine which parameters need 
to be measured in order to determine the optimum cohesiveness status of the bolus.   
Recent study by Chen and Lolivert (2011) suggests that bolus rheology had the most influence on 
the ease of swallow, in particular the extensional stretchability of the bolus. They found that the oral 
residence time was dependent on the food type and consistency.  For example, thin liquid foods like 
orange juice had an oral residence time of approximately two seconds whereas semi-solid foods like 
peanut butter took up to eight seconds to swallow.  They believed that the long residence time was 
required to incorporate enough saliva to the food to reduce its consistency (viscosity) and make it 
easy to swallow.  They also investigated the stretching behaviour of fluid foods in order to 
understand the potential role of extensional deformation on bolus swallowing.  Their results showed 
a good correlation (R
2 
of 0.97) between maximum “stretching force” and “work of stretching” 
against sensory difficulty of swallowing.  These results led them to believe that the extensional flow 
property could be a critical factor in triggering a safe swallow (Chen & Lolivret 2011). Wendin et al 
(2010) also found similar results with a strong correlation between perceived ease of swallow and 
extensional viscosity. However, there is limited literature on the extensional rheology of foods. 
According to Chen (2009) this lack of research on extensional rheology is due to the limit of 
experimental techniques.  
Although many authors agree that a safe to swallow bolus must be elastic, plastic and cohesive 
(Coster, Schwarz & Schwarz 1987; Prinz & Lucas 1995; Prinz & Lucas 1997), there are only a few 
studies on the rheology of actual food boluses (Drago et al. 2011; Loret et al. 2011). Loret et al. 
(2011) characterised the rheological behaviour of expectorated cereal boluses just prior to 
swallowing. They found good correlations between the water content of the bolus and the 
rheological properties. High yield strain (400%) value for the boluses indicated the high 
deformability of the bolus in order to maintain its  cohesiveness – an important parameter in 
triggering a swallow response (Lucas et al. 2004). However, Loret et al. (2011) suggested that the 
sensory parameter of “fluidity”, described as “absence of flow resistance of the product when the 
tongue is put in contact with the palate” may be the main trigger for swallow. The knowledge on the 
deformation and flow of a food bolus in the mouth is still limited. 
2.6 Rheology of Plant Based Foods 
Texture modified foods are a concentrated suspension of anisotropic, deformable particles with 
broad size distributions. The rheology of such concentrated suspensions is dependent on the 
properties of the continuous phase and volume fraction of the discrete particles randomly 
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distributed in it (Lopez-Sanchez et al. 2012). These particles can be oil droplets (e.g. mayonnaise), 
starch granules, plant cells and fibres (e.g. soups) and casein micelles in milk (Stokes 2012). 
Particle properties such as size, distribution, morphology, deformability and particle interactions all 
impact on the rheology of the suspension (Lopez-Sanchez et al. 2012) as these particles alter the 
flow field, resulting in phenomena such as shear thinning, shear thickening, yield behaviour and 
time related effects such as thixotropy (Althaus 2010). In order to understand these complex 
rheological behaviours of suspensions, some understanding of basic rheology is required.  
2.6.1 General Rheology 
Rheology is defined as the study of deformation and flow of matter (Barnes, Hutton & Walters 
1989).  Rheology has been applied successfully to explain the flow properties of polymer melts, 
drilling muds, paints, inks, foods etc. When these materials are subjected to shear stress or strain 
they flow. The resistance to flow, also referred to as internal friction, is called the viscosity of the 
fluid.   
In order to understand rheology, one needs to consider the theories of Isaac Newton and Robert 
Hooke on the flow of liquids and deformation of solids (Barnes, Hutton & Walters 1989). When 
shear stress (σ), is applied to a Hooken solid, it undergoes instantaneous deformation. Once the 
solid has reached the deformed state, there is no further movement and the solid remains in the 
deformed state as long as the stress is applied.  Once the stress is released the solid returns to its 
original shape. The deformation is proportional to the applied stress. This behaviour is defined by 
Hooke’s law of purely elastic solids 
               (2.1) 
where G is the rigidity or shear modulus and γ is the strain  
 
In contrast liquids do not reach equilibrium under applied stress. When a liquid is sheared, it 
continues to flow as long as the stress is applied. The shear stress is proportional to the strain rate 
    
  
  
 . This behaviour is defined by Newton’s law of viscosity 
                   (2.2)  
where η is the shear viscosity and    is the strain rate 
In Newtonian liquids, viscosity is independent of shear rate. However, in more complex non-
Newtonian liquids, viscosity can decrease (shear thinning) or increase (shear thickening) with 
increasing shear rate.  
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Most materials in nature are neither pure solids nor ideal liquids. They tend to exhibit both solid and 
liquid like behaviours and are hence called viscoelastic materials – some example of which are 
tomato pastes, custards, yoghurts, mayonnaises etc. 
The viscoelastic behaviour of these materials can be determined using a dynamic test called small 
amplitude oscillatory shear (SAOS) provided the test is conduct in the linear viscoelastic region i.e. 
the strain varies linearly with stress. The viscoelastic material is subjected to a small sinusoidally 
oscillating strain γ(t) 
                         (2.3) 
where γ0 is the strain amplitude and angular frequency ω. The oscillatory strain produces a stress 
response that is delta out of phase with strain, which can be resolved into two components; an 
elastic component in-phase with the strain and a viscous component in-phase with the strain rate. 
The strain rate for evaluating the viscous component is expressed as  
                                 (2.4) 
The stress generated (σ0) due to the deformation in the linear viscoelastic range can be decomposed 
into the two moduli components – elastic or storage modulus G´ and viscous or loss modulus G˝ 
      
                                 (2.5) 
In viscoelastic materials the resultant stress shows a phase lag δ compared to the strain. The phase 
shift is 
      
  
  
                                                                                                          
If G´ is much greater than G˝ the material will have solid-like behaviour (elastic or recoverable 
energy), however if G˝ is much greater than G´ the material’s behaviour will be liquid-like (viscous 
or dissipated energy). Tan δ is a ratio of energy dissipated to energy stored per cycle of deformation 
(Rao 1999). These constitutive equations form the basis for understanding the rheological 
behaviours food systems at rest and during flow.  
Rheology of a suspension depends on the behaviour of the dispersed components during applied 
shear. The suspensions can be shear thinning, shear thickening or show yield stress behaviour 
depending on the structures created by the dispersed phase. 
Shear thinning is a non-Newtonian behaviour where the relationship between shear stress and shear 
rate is non-linear. In general, the viscosity of the material decreases with applied shear stress due 
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structural changes. Some examples of shear thinning fluid foods are salad dressings, concentrated 
fruit juices and flavoured milk (Stokes 2012). The shear induced structural changes range from 
orientation, alignment, and deformation of particle to breakdown of aggregates due to shear. Time 
dependent shear thinning is called thixotropic flow behaviour where at rest the particles are linked 
together by weak forces. When this material is sheared, the inter-particle linkages are broken, 
resulting in smaller structural units which generate lower stress during shear (Rao 1999). 
Shear thickening is also a non-Newtonian behaviour usually observed in concentrated suspension of 
non-aggregating solid particles, where the viscosity of the suspension increases with shear. The 
degree of shear thickening is dependent on phase volume, particle size distribution and viscosity of 
the continuous phase (Barnes, Hutton & Walters 1989).   
Yield stress behaviour is when a material will not flow until a critical threshold value of stress has 
been exceeded. This behaviour is seen in concentrated suspensions such as tomato ketchup, 
mustard, mayonnaises (Rao 1999), tooth paste etc. Although the concept of yield stress is 
controversial (Moller, Mewis & Bonn 2006; Nguyen & Boger 1983; Rao 1999) and questions have 
been raised whether it is a “true” material property, yield stress is useful in food process design and 
in engineering designs for transportation of industrial suspensions. In sensory assessment of foods, 
yield stress is an important parameter in determining the flow of a bolus (Nakauma et al. 2011). 
2.6.2 Models for rheological behaviours 
Suspensions are complex rheological fluids as their structural network and relationship with various 
components that constitutes a suspension is difficult to determine. Hence flow and functional 
models containing mathematical equations are used to describe and interpret the experimental data 
and draw insights into their structural behaviours. A range of the models used to describe the time-
independent behaviour of fluid foods are detailed by Rao (1999). Of these, power law is the most 
extensively used model to predict the viscous – shear rate relationships in plant based suspensions. 
The power law equation is  
                                                                            (2.7) 
where K is the consistency index and n flow behaviour index. When the value of n < 1 it 
corresponds to shear thinning behaviour and when n > 1 the suspension shows shear thickening 
behaviour. The popularity of the power law model in interpreting non-Newtonian suspension data is 
due to its applicability to data from a large range of shear rates i.e. from 10
1
 to 10
4
 s
-1
 (Rao 1999).  
Data from a range of plant based dispersions have been fitted to a power law model. The n for 
tomato concentrates ranged from 0.266 to 0.444. As the value of n was below 1, tomato 
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concentrates are shear thinning fluids. Similar shear thinning behaviours were found in pureed fruit 
based baby foods (Ahmed & Ramaswamy 2007), potato purees (Alvarez, Fernández & Canet 
2004), berry juices (Nindo et al. 2005) and pumpkin puree (Dutta et al. 2006). However, one of the 
main disadvantages of the power law model is that it does not fit well the data at low and high shear 
rates where the viscosity is constant.  
The Bingham model equation describes the shear stress – shear rate behaviour of shear thinning 
materials possessing a yield stress, but only at low shear rates and only over approximately one 
decade range of shear rates (Barnes, Hutton & Walters 1989). The Bingham equation is 
                                                                                              (2.8) 
where σ is the shear stress, σy is the yield stress and  ηp is the plastic viscosity. At stresses below σy 
the system does not flow, however at stress above σy the material behaves as a Newtonian liquid 
showing linear flow behaviour.   
The Herschel-Bulkley model is often used describe the flow behaviour of soft foods displaying an 
apparent yield stress (σy). It is an extension of the power law model 
         
                                                                      (2.9) 
where above the σy the material show shear thinning behaviour. Data is often fitted to the Herschel-
Bulkley model to determine the values of σy, K and n (Ahmed & Ramaswamy 2007; Duran & 
Costell 1982; Moritaka et al. 2012). However, the yield stress calculated using the Herschel-Bulkley 
model is dependent on the measuring equipment and procedures (Stokes & Telford 2004) and 
should only be used if experimentally determined values are not available (Rao 1999). 
Cross and Carreau models have also been used successfully to describe the flow behaviour of fluid 
and soft foods, as these models capture the entire flow curve i.e. the zero-shear viscosity plateau, 
the power law region and the infinite viscosity plateau (Stokes 2012). Cross and Carreau equations 
are  
       
     
          
   (Cross model)          (2.10) 
       
     
             
  (Carreau model)       (2.11) 
where    is the zero shear viscosity,    is the infinite shear viscosity,    is the critical stress at 
which the material becomes shear thinning,    is the time constant related to the relaxation time of 
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polymers in solution and m and N are dimensionless exponents. These rheological models are 
commonly used to determine the structural behaviours of suspensions. 
2.6.3 Suspension Rheology 
The rheological behaviour of a suspension is affected by the microstructure and the interparticle 
forces that control the microstructure (Mewis & Wagner 2009a). Unfortunately it is difficult to 
characterise the microstructure of a suspension as it is dependent on a range of attributes of the 
suspended particles (size, distribution, morphology, hardness) and the viscosity of the continuous 
phase. Properties of the suspended particles affect how these particles pack i.e. their phase volume, 
especially when the particles are densely packed, as particles with broader distribution pack better 
and softer particles are able to deform and pack to higher phase volumes etc (Adams, Frith & 
Stokes 2004). Therefore it is difficult determine the rheological behaviour of suspensions.  
The viscosity of hard spherical non-interacting particles at low concentrations can be determined 
from the shear viscosity data using the Einstein equation 
                                                   (2.12) 
where η is the viscosity of the suspension, ηs is the viscosity of the continuous phase and φ is the 
phase volume. Einstein’s equation shows that the suspended spherical particles increase the 
viscosity of the suspension in proportion with their phase volume. Phase volume is the fraction of 
volume occupied by suspended solids.  
At phase volumes above 2 to 5% (Stokes 2012), hydrodynamic interactions with neighbouring 
particles also contribute to the increases the viscosity of the suspension, hence it deviates from 
Einstein’s equation. The viscosity at higher particle concentrations can be described by Krieger 
Dougherty equation  
        
 
  
 
      
                       (2.13) 
where the [η] is the intrinsic viscosity which is contribution of the particle to suspension rheology 
and φm is the maximum packing fraction which is the phase volume at which there is three 
dimensional contact between the particles throughout the suspension (Barnes, Hutton & Walters 
1989). The Krieger Dougherty equation gives the viscosity of the suspension as a function of phase 
volume up to maximum packing fraction, where the viscosity approaches infinity (Krieger & 
Dougherty 1959). 
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Phase volume can be measured directly for hard spheres however that is not the case with hydrated 
dispersed particles that already have water in their structure such as plant cells (Stokes 2012). Phase 
volume or volume fraction of particles is difficult to determine as it is affected by a number of 
parameters such as size and distribution of particles, particle morphology and hardness as well as 
the surface morphology. Although phase volume is difficult to measure, it has a significant effect on 
the rheology of suspensions. As the concentration of particles in a suspension is increased, it 
reaches a critical concentration where the system is said to be “precariously perched between a 
liquid and a solid state” (Liu & Nagel 2010). The particles are in three dimensional contact 
throughout the suspension, making it impossible for particles for flow, hence the viscosity 
approaches infinity (Barnes, Hutton & Walters 1989). The phase volume at which this behaviour is 
observed is called the maximum packing fraction (φm). The value of this fraction changes depending 
on how the particles are packed or arranged and the simulation and experimental techniques used to 
determine φm (Fuchs & Ballauff 2005; Mewis & Wagner 2009b; Sierou & Brady 2001). The term 
random close packing (RCP), φrcp, is also commonly used to describe this juncture where the 
particles packed randomly to achieve maximum density (Torquato, Truskett & Debenedetti 2000). 
However, its is unclear whether it is a clearly defined parameter or dependent on the method used to 
generate the randomness (Sierou & Brady 2001). For monodispersed hard spheres, the φm is 0.74 
(face centred cubic array or hexagonal close pack – based on geometric structures) whereas φrcp is 
close to 0.64 (Barnes, Hutton & Walters 1989; Qin & Zaman 2003; Servais, Jones & Roberts 2002). 
Although the precise value and even the existence RCP limit is controversial (Farr & Groot 2009; 
Song, Wang & Makse 2008; Torquato, Truskett & Debenedetti 2000), the advantage of φrcp is that it 
can be determined without the need to select and fit the data to rheological models. As mentioned 
earlier packing of concentrated particles, up to and beyond maximum packing fraction is affected 
by particle size distribution, particle morphology, hardness or softness of the particle as well as the 
forces between the particles. The effects of each of these parameters are discussed. 
2.6.3.1 Effect of particle size distribution 
In concentrated suspensions packing of the particles is very sensitive to particle size distribution 
(Metzner 1985). Small changes in particle size distribution has significant effects on the relative 
motion of particles during flow (Metzner 1985). Suspensions with wider particle size distributions 
have higher maximum packing fractions as smaller particle are able to fit between the gaps of larger 
particles (Barnes, Hutton & Walters 1989; Marti et al. 2005). Smaller particles can also acts as 
lubricants, as during shear, large particles flow over smaller particles decreasing the viscosity of the 
system (Servais, Jones & Roberts 2002). Barnes, Hutton & Walters (1989) showed a 50 fold 
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decrease in relative viscosity at the same solid content by changing the distribution of the particles 
in the suspension from mono to bimodal.   
Over 40 years ago, Farris showed how multimodal distribution could be used to increase the volume 
fraction and decrease the viscosity of a suspension. He was one of the first investigators to consider 
the contribution of fine and coarse particles individually (Farris 1968). According to the Farris 
model the coarse particles were suspended in a matrix of fine particles with the two fractions 
behaving independently of each other (Marti et al. 2005). Initially the relative viscosity of the fine 
particle suspension was calculated ηrf = ηf /η0 where ηf  is the viscosity of the suspension containing 
fine particles and η0 is the viscosity of the liquid. ηrf was also defined as a “stiffening factor” H(φf). 
As the coarse particles were added to a suspension containing fine particles, the fine particle 
suspension was considered as the “liquid phase” for the coarse particles. Hence the relative 
viscosity of the coarse particle was calculated as ηrc = ηc /ηrf  where ηc was the viscosity of the 
coarse particle. ηrc was also defined as a “stiffening factor” H(φc). The relative viscosity of the 
bimodal suspension (ηr) was calculated as ηr = H(φf)H(φc). This line of reasoning was applied to a 
range of particle sizes and relative viscosities of trimodal, tetramodal, octamodal and infinite modal 
suspensions were calculated. This Farris model has also been successfully applied to binary 
suspensions of glass rods and fibres (Marti et al. 2005), indicating the applicability of this model to 
mixtures of particles from different shape classes.  
Do et al. (2007) showed that the apparent viscosity and textural attributes such as melting behaviour 
of low fat chocolate (22% fat) can be improved by optimising the proportion fine and coarse sugar 
in the formulation. The particle size distribution was optimised to reduce the interparticle contact 
and particle aggregate strength which impacted on the hardness and meltdown properties of the 
chocolate. Polydispersity has also been used to reduce the viscosity of high total solids coal-water 
mixture, by increasing the percentage of fine particles to ~35 wt% (Roh et al. 1995). The fine 
particles replace the water in interstitial void and act as lubricant to increase the mobility of coarser 
particles; hence these high solids content mixtures have lower viscosity. This behaviour of fine 
particles also explains why water-debris (mixture containing clay, silt, sand, and boulders) at 85% 
solids still flows (Coussot & Piau 1995).  
Therefore, broadening the particle size distribution allows reduction in viscosity at the same phase 
volume. Texture modified foods are particulate soft solids and the rheology of these could be 
controlled by changing the particle size distribution, instead of adding liquids components during 
processing, which can dilute the nutrient content of the foods. Softer texture foods with high 
nutrient content can be designed for dysphagia diet, by manipulating the particle size distribution of 
these foods.  
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2.6.3.2 Effect of particle morphology  
In non-spherical anisotropic particles, the shape, density and roughness of particles all have an 
influence on the interaction between particles and hence their packing fraction (Servais, Jones & 
Roberts 2002). In general, non-spherical particles have poor “space filling” abilities and result in 
lower maximum packing fractions (Barnes, Hutton & Walters 1989). As the aspect ratio of the 
particle is increased, the relative viscosity increases with increasing concentration. Particles with 
higher aspect ratios (glass fibres) reach maximum viscosity at lower concentration compared to 
spheres (Marti et al. 2005) as shown in Figure 2.6. This is because particles with higher aspect 
ratios occupy a higher a hydrodynamic volume which has a greater impact on the flow field 
resulting in higher viscosities at lower concentrations. However, anisotropic particles, especially 
particle with high aspect ratios are susceptible to alignment during low shear, which lowers the 
“effective” phase volume of the suspended particles, resulting in high shear thinning behaviours 
compared to spherical particles. The surface roughness also affects packing. Song et al. (2008) used 
a jamming phase diagram to illustrate that increasing the friction on the surface of the particles 
reduced the random close packing. Roughened silica particles showed jamming transition at lower 
shear rates and stresses, and volume fractions compared to particles with smooth surface (Lootens 
et al. 2005).  
Texture modified foods are dispersions of plant and animal based foods, prepared using mincers 
and food processors. The particles resulting from these methods of comminution are neither rods 
nor spheres - they are anisotropic with rough surfaces. Hence, it would fair to assume that they 
would jam and reach random close packing fraction or maximum packing fraction at lower volume 
fraction compared to smooth spheres. This may explain the solid-like behaviour texture modified 
foods at low total solids content. 
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Figure 2.6: Relative viscosities of glass spheres and fibres as a function of total solids volume 
concentration. Reproduced from Marti et al. (2005). 
 
2.6.3.3 Effect of deformability of particles 
Softness or hardness of particles also influences maximum packing fraction. Softer particles can 
have maximum packing fractions well above 0.74 (maximum packing fraction of hard spheres) as 
the particles are able to deform and deswell to accommodate their nearest neighbours (Adams, Frith 
& Stokes 2004; Barnes, Hutton & Walters 1989; Stokes 2011).  Maximum packing fractions of 0.9 
and above are common in suspensions of deformable particles (Barnes, Hutton & Walters 1989). In 
dense deformable particle suspension, particles are in permanent contact with each other and are 
indented by their nearest neighbours (Hertz 1881). The rheological properties of such suspensions 
are affected by the mechanical properties of the contacts between the particles (van der Vaart et al. 
2013). The deformation of soft spheres gives rise to increased elasticity and dissipated energy, 
which results in high yield stresses but gradual yielding behaviour (van der Vaart et al. 2013). 
Texture modified foods can be considered a concentrated suspension of anisotropic deformable 
particles and hence the packing behaviour would be influenced by the softness or hardness of the 
particles. 
2.6.3.4 Forces acting on particles in a suspension 
Apart from particle shape, size and distribution, the interparticle forces also impact on the packing 
and flow behaviour of suspensions. The three types of forces that can coexist to varying degree in a 
suspension are colloidal, Brownian and hydrodynamic (Barnes, Hutton & Walters 1989; Genovese, 
Lozano & Rao 2007). In a colloidal suspension, forces between the colloidal particles can be either 
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attractive or repulsive due to electrostatic charges or van der Waals attraction. If the net resultant 
force is attractive, particles tend to flocculate or aggregate whereas if the net charge is repulsive, 
particles remain as individual entities or from lattice type structures.  The Brownian force is the 
ever-present thermal randomising force which ensures that the particles are constantly moving. It is 
strongly dependent on particle size as particles 1 µm or smaller are strongly influenced by 
Brownian forces.  Hydrodynamic forces are viscous forces arising from the relative movement of a 
particle in a surrounding fluid. Hence suspension viscosity is often expressed as viscosity relative to 
the viscosity of the continuous phase (Barnes, Hutton & Walters 1989). Different forces can 
dominate the behaviour of the suspension depending on the size and concentration of the particles, 
properties of the continuous phase and whether the suspension is at rest or being sheared.  
Particles in texture modified foods are polydispersed, with their particle sizes ranging from micro 
(<10 µm starch granules released from broken plant cells) to macro (2 to 5 mm pieces of plant and 
vegetable materials) in size, dispersed in a serum containing natural polysaccharides. For particles 
larger than 10 µm, flow properties are controlled by hydrodynamic forces (Qin & Zaman 2003). As 
texture modified foods is dominated by particles larger than 10 µm in size, their rheological 
behaviour is likely to be dominated by hydrodynamic forces. 
2.6.3.5 Determining phase volume and RCP of a suspension 
Phase volume of hard spherical particles can be determined directly via centrifugation or on dry 
weight basis if the density of the particles is known. This technique is not suitable for suspensions 
of deformable particles as during centrifugation these particles deform and pack to higher phase 
volumes. Spherical deformable particles such as oil droplets can pack well above the random close 
packing of hard spheres of 0.64 before jamming occurs whereas anisotropic deformable particles 
can start to jam at volume fractions well below 0.64 (Stokes 2012). At low shear rates, experimental 
data can be fitted to Einstein and Krieger Dougherty equations to determine the intrinsic viscosity 
and maximum packing fraction of such suspensions respectively. However, errors in the 
experimental data can affect the maximum packing fraction values calculated using these equations 
(Mewis & Wagner 2009b). 
Several authors have determined phase volume of suspension of deformable particles using 
centrifugation (Bayod & Tornberg 2011; Garrec, Guthrie & Norton 2013; Lopez-Sanchez et al. 
2012). The problem with the centrifugation technique is that the centrifugal force and the time of 
centrifugation all impact on the phase volume determined in this manner. Increasing the centrifugal 
force and time of centrifugation results in further deformation of the particles, as well as release of 
intra-particle fluids which decreases the phase volume; hence centrifugation is not an ideal 
38 
 
technique to determine phase volume. Nevertheless, it can be used to determine the effective phase 
volume or the wet solid fraction of a suspension, which is crude measure of the rheological 
behaviour (Lopez-Sanchez et al. 2012). Although phase volume, RCP and maximum packing 
fractions are critical parameters in the flow behaviour of suspensions, determining these parameters 
experimentally are neither easy nor straight forward. 
A theoretical model based on close packing of polydispersed spheres by Farr and Groot (2009) can 
be used to predict RCP of bi-, tri- and poly- dispersed suspensions. Their model overcomes the 
limitations of previous model by Torquato et al. (2000) and shows that the dependence of RCP on 
particle size, mass, elastic modulus and fluid viscosity is relatively weak and general. They use 
mixtures of elastic spheres with hydrodynamic friction and find excellent agreement between 
theoretical predictions and their numerical simulations, as the particle modulus increases to that of 
hard spheres. The Farr and Groot model predicts RCP of polydispersed hard spheres from log 
normal particle size distributions (σ2 = ln(d4,3/d3,2) where d4,3 is the volume weighted diameter and  
d3,2 is the surface weighted diameter determined from laser light scattering (Lopez-Sanchez et al. 
2012). In this model the median particle diameter (d0.5) and the fraction of particles on each sieve 
can also be used to predict RCP. Although the particles composing texture modified foods are not 
spherical or hard, Farr and Groot model can be applied to get an indication of RCP of such systems.  
2.6.4 Rheological behaviour of plant based suspensions 
Plant based suspensions have been studied intensely over the past 30 to 40 years due to food 
industry’s interest in their properties during processing, when incorporated into products and their 
influence on oral perception and processing. Some examples of these plant based suspensions are 
soups, sauces and juice. In these suspensions the continuous phase is serum consisting of sugars, 
organic acids, salt and pectic substances (Rao 1999) and the dispersed phase is pulp consisting of 
cell wall materials as well as skin and seeds (Barrett, Garcia & Wayne 1998; Hayes, Smith & 
Morris 1998; Rao & Qiu 1989). Plant based suspension are affected by all the parameters discussed 
in Section 2.6.3. 
Particles in plant food suspensions do not have simple shapes (rods or spheres), they are 
deformable, the particles are poly-dispersed, the particle concentration is high and they are 
dispersed in a continuous phase of serum. These properties of the dispersed and continuous phase 
results in a microstructure that is difficult to characterise rheologically, as all these particle 
properties are inter-related and affect the overall rheological behaviour. Plant based suspensions  
tend to be shear thinning with yield stress, meaning that the viscosity decreases with increasing 
shear rate and the material will not flow until a critical stress threshold is reached. 
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The viscoelastic behaviour of plant foods suspensions of tomato, carrot, broccoli, potato and apple 
have been studied by many researchers (Alvarez, Fernández & Canet 2004; Bayod et al. 2007; 
Bayod & Tornberg 2011; Bengtsson & Tornberg 2011; Day et al. 2010b; Den Ouden & Van Vliet 
1997; Lopez-Sanchez et al. 2012; Tanglertpaibul & Rao 1987). At high particle concentration all 
these plant food suspensions show solid-like behaviour where G´ > G˝, show shear thinning 
behaviour and have a yield stress. Tomato paste in particular tends have a gel-like behaviour where 
G´ and G˝ have positive slopes over a wide range of oscillatory frequencies (Bayod, Willers & 
Tornberg 2008; Rao 1999).  Rao (1999) also emphasises that tomato paste can not be classified as 
discrete suspensions where the solid phase is dispersed in a continuous fluid phase, based on the 
high centrifugal forces (100,000 x g) required to separate the solids from the serum.  So for 
complex materials such as tomato pastes it can be assumed that the network structure is made up of 
two components.  The first component in the network structure is contributed to by the solid phase 
(φs) and the second component is contributed by the continuous phase (1 - φs).  However, the 
continuous phase is not the serum alone but a highly viscous liquid that is an essential part of the 
tomato paste.  The solid fraction can be considered as the structuring component which plays a 
major role in the structure of the tomato paste (Rao 1999).  
In this research, comminuted green peas is used as a model food for texture modified foods. 
Comminuted peas are a concentrated suspension of plant cells and clusters (polydispersed, 
deformable and anisotropic particles) dispersed in a continuous phase of serum similar to the 
complex plant based suspensions discussed in this section. Hence they are viscoelastic particulated 
solid with yield stress and shear thinning behaviours. 
2.6.5 Rheological characterisation of plant based suspensions 
Fundamental rheological tests determine true material properties which are independent of the 
instrument on which they are measured and ideally different instruments should yield the same 
results (Steffe 1996). Rotational or tube type rheometers are generally used to measure the 
fundamental rheological properties of fluids and semi-solids foods. Rotational rheometers can 
operate in stress or strain controlled mode and a range of geometries such as parallel plates, cone 
and plate and cup-in-bob (couette) can be used for rheological evaluations depending on the 
material being tested. The geometry and the test type should be evaluated and selected carefully to 
ensure that it is appropriate for the purpose.  For example, the minimum gap in parallel plate 
geometry should be at least ten times the diameter of the largest particulate matter in the suspension 
or 10% of the diameter of the plate (Davies & Stokes 2008). Therefore a 40 mm parallel plate could 
only be used for a suspension containing particles less than 400 µm in size at a gap of 4 mm. 
Despite the particulate nature of texture modified foods, Wendin et al. (2010) evaluated jellied meat 
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and vegetables, paté and timbales using 30 mm parallel plates with a 5 mm gap to measure the 
modulus of these foods. They found no significant differences between the three food types for 
maximum load, strain at maximum load or Youngs modulus (solid-like behaviour).  This could be 
due to using inappropriate geometry and gap for the food being tested.  Traditionally rotational 
geometries such as parallel plates, cone and plate and couette have been used to evaluate plant 
based dispersions (Alvarez, Fernández & Canet 2004; Day et al. 2010b; Duran & Costell 1982; 
Moritaka et al. 2012), however these geometries are not appropriate for comminuted peas due to the 
high concentration and high percentage of large particles (>1 mm).  Therefore, it is critical to select 
a geometry that is appropriate for the sample being measured. 
Apart from the geometry, the structure of the material itself can have an impact on the accuracy of 
rheological measurements. It is important to consider when loading the sample into or onto the 
geometry if the material will be able to recover from the external forces applied during loading, or 
would the structure be partly destroyed permanently e.g. loading mayonnaise on parallel plates at 
narrow gaps. This would have an impact on how the sample is loaded and the geometry used for 
evaluation. The other issues to consider are sedimentation in particulated suspensions (or phase 
separation) and evaporation of the solvent from the suspension. If the time to perform the 
measurements is longer than the timescales for these changes to occur, then the measured data 
would not reflect the true properties of the original sample. Wall or depletion effects also impact on 
rheological measurements where a reduced concentration layer forms adjacent to the solid walls, 
which can cause the material to slip.   
Recent literature on plant based suspensions have used the vane-in-cup geometry to evaluate 
rheological behaviours (Bayod, Willers & Tornberg 2008; Bengtsson & Tornberg 2011; Lopez-
Sanchez & Farr 2012). The vane geometry has also been used successfully for rheological 
assessment of structured fluids (Stokes & Telford 2004) like skin creams, complex foods like 
mustard, tomato puree, apple sauce and other suspensions (Rao 1999) as well as red mud (Nguyen 
& Boger 1983; Pashias et al. 1996). The vane tool consists of either two to eight blades arranged at 
equal angles around a shaft (Nguyen & Boger 1983) as shown in Figure 2.7. The vane is inserted 
into a cup containing the sample to evaluate the rheological behaviour. If the diameter of the cup is 
at least twice that of the diameter of the vane, the wall and geometry effects can be considered to be 
negligible (Stokes & Telford 2004). The advantages of the vane geometry over traditional 
geometries are as follows (Nguyen & Boger 1983; Stokes & Telford 2004):  
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Figure 2.7: Vane tool with four blades used in this research (left). The schematic diagram of vane 
tool reproduced from Nguyen and Boger (1983) 
 
(i) large gap between the the cup and geometry reduces entrapment of large particles in the annulus 
and minimises wall effects; (ii) reduces slip between the sample and measuring geometry and (iii) 
minimises the breakdown or disturbance of the materials microstructure as the vane is inserted into 
the sample.  
The assumption in using vane tool is that the shear rate around the vane is directly proportional to 
the rotational speed i.e. the cylindrical body of material moving with the vane is proportional to the 
rotational speed (Rao 1999).  It is also assumed that the shear stress is evenly distributed throughout 
the cylinder and equal to the yield stress (σy) when the torque is at maximum (Tm). Therefore the 
relationship between σy and Tm for vane geometry (Nguyen & Boger 1985) is expressed as  
    
   
 
 
 
 
  
  
 
 
                                                                         (2.14) 
where Dv is the diameter of the vane and H is the height of the vane. 
The potential disadvantages of vane-in-cup geometry are: (i) large amount of sample is required to 
fill the cup for analysis and (ii) the data is only reliable at low rotational speeds of 0.1 to 8 rpm. At 
high shear rates, viscous resistance and instrumental inertia introduces errors in the measured 
maximum torque values resulting in unreliable yield stress data (Nguyen & Boger 1983). Despite 
these disadvantages, based on literature the vane geometry appears to be the most appropriate 
geometry for rheological measurements of comminuted peas.  
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As mentioned earlier, comminuted peas are a concentrated suspension of plant cells and clusters 
dispersed in a continuous phase of serum released during the comminution process. The low 
concentration of the serum and high concentration of particles makes comminuted peas a 
particulated soft solid. Soft solids have viscoelastic, yield stress and shear thinning behaviours. 
The viscoelastic behaviours can be determined using small amplitude oscillatory shear tests which 
give insights into the bulk properties of the material. In terms of texture modified foods, these 
properties determine the textural “hardness” or “softness” of the foods. 
Yield stress of semi-solid, highly particulate material, like texture modified foods can be measured 
directly using a step rate test on a strain controlled rheometer using vane geometry (Stokes & 
Telford 2004).  The sample is sheared constantly at a low shear rate until a critical stress is reached 
where the material starts to flow. This critical stress is considered the “yield stress” for the material. 
After this critical point the stress decreases dramatically until the material reaches steady state. 
Unfortunately, this apparent yield stress is shear rate dependent and it increases with increasing 
shear rate (Stokes & Telford 2004). If yield stress results are to be compared, it is critical to ensure 
that the equipment, geometry and shear rates used are consistent between samples. 
Yield stress indicates the force required to break the internal structure of a material in order to 
initiate flow. It is an important property to measure in texture modified foods as it can be directly 
related to the amount of force required to make a mouthful of food to flow and form a bolus. The 
American texture guidelines (National Dysphagia Diet 2002) also rate yield stress as an important 
parameter to consider in texture modified foods. Yield stress can also impact on the plated 
appearance of the food. As texture modified foods are often served using ice-cream scoops, yield 
stress values can indicate if these scoops of food would maintain their scooped appearance or start 
to flow under their own weigh and blend together. Foods with higher yield stresses would not flow 
easily however foods with low yield stress could flow easily. Hence the yield stress values in 
texture modified foods should be such that the food maintains it plated appearance but flows easily 
in the mouth during oral manipulation. 
2.6.6 Food rheology in relation to dysphagia 
In the field of dysphagia, rheology has been used mainly to determine flow behaviours of thickened 
fluids (Quinchia et al. 2011) as they are commonly used in the management of dysphagia. The 
Australian guidelines for thickened fluids – mildly thick level 150, moderately thick level 400 and 
extremely thick level 900 as shown in Figure 1.1 are essentially viscosities of these fluids at the 
shear rate of 50 s
-1
. Extensive research have been conducted and/or supported by companies such as 
Nestlé (specifically Nestlé Health Sciences) that sell thickeners into the dysphagia industry (Cichero 
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et al. 2013). However, research and literature on reliable and fundamental methods of measuring 
texture and flow behaviour of texture modified foods is still in its infancy (Cichero et al. 2013). 
Most of textural data on texture modified foods are based on empirical and imitative tests such as 
TPA, penetration and compression, conducted using texture analysers (Dufresne & Germain 2002; 
Iida, Katsumata & Fujishita 2011; Ishihara et al. 2013; Momosaki, Abo & Kobayashi 2013; Wendin 
et al. 2010). Rheological tests measure innate physical properties of material (Rosenthal 1999) and 
these allow prediction of flow behaviours under different shear stresses. These properties could be 
used to predict the oral processing and flow behaviour of texture modified foods in the oral cavity. 
Rigorous characterisation of texture modified foods using fundamental rheology in terms of 
viscosity and modulus is lacking, as it is not a common practice is the field of dysphagia (Quinchia 
et al. 2011). Most of the dysphagia literature with regards to rheology focuses on thickened fluids 
and the impact of changing viscosities of liquids on swallow. In this research, communited peas 
(model system) will be characterised using fundamental rheology to gain insights into the effect of 
physical properties of the peas on their flow behaviour. The findings from this research could be a 
step towards implementing rheological parameters into the dysphagia guidelines. 
 
2.7  Summary 
Texture modification of food is common practice in management of dysphagia, essentially to avoid 
choking on large particles of food. Particle size reduction using mincing and pureeing results in a 
concentrated suspension of nonspherical, poly-dispersed, deformable particles, randomly distributed 
in a continuous phase of serum or sauces. The high proportion of particles, dispersed in low 
proportion of serum means that these systems behave like particulated soft solids. Soft solids show 
viscoelastic, shear thinning and yield stress behaviours. The rheological behaviour of such 
suspensions is affected by a number of parameters including particle shape, size, size distribution, 
particle modulus and particle – particle interactions. These parameters impact on the packing of the 
particles, especially as the concentration of the particles increase to maximum packing fraction. At 
maximum packing fraction, particles are in three dimensional contact with each other and are 
considered to be in a jammed state where they are unable to slide past each other and flow (Do et al. 
2007). Texture modified foods can be assumed to be at or above maximum packing fraction as they 
behave like a soft solid at rest and show yield stress behaviour at low applied stresses. Due to the 
complexity of the structure of texture modified foods, they are difficult to characterise 
rheologically. Vane geometry has been used successfully by various researchers to obtain 
fundamental rheological data on particulate systems such as tomato paste, apple sauce and red mud, 
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and it appears to be the most appropriate tool for rheological characterisation of texture modified 
foods. 
The main purpose of particle size reduction processes such as mincing and pureeing is to ensure that 
the particles are small enough to avoid the risk of choking in patients suffering from dysphagia. 
However, there are no studies which have investigated the effect of these processes on the flow 
behaviour of these foods which is also an important factor for dysphagia patients. The consistency 
of these foods vary amongst the aged care homes as there are poor guidelines for preparing these 
foods and often food is prepared on the operators perception of “softness”. Liquid components such 
as sauces, milk, water etc. are often added to soften the foods and to also aid with the process of 
pureeing. These added ingredients dilute the nutrient content of the food, which is detrimental for 
dysphagia sufferers as it is essential that every mouthful of food they consume is as nutrient dense 
as possible. A small amount of added liquid also has a significant effect on the flow behaviour of 
these foods, because changing the solids to liquid ratio impacts on phase volume which is a critical 
parameter in rheological behaviour of suspensions. Although the flow behaviour of texture 
modified foods is of great importance for dysphagia, reliable and fundamental rheological methods 
of measuring flow behaviour of texture modified foods is still in its infancy.  Literature on the 
sensory perception of minced and pureed foods from a textural and ease of swallow perspective is 
also lacking. The few sensory studies that do exist on dysphagia foods, focuses on shaping and 
moulding the foods (improving visual appeal) to increase the total intake of food, as malnutrition is 
a huge problem with dysphagia sufferers. Most of the sensory literature in the dysphagia field is on 
thickened fluids and even then it is difficult to compare these studies due to different assessment 
methods used.  
 Therefore in this research, comminuted green peas will be used as a model food system in order to 
characterise texture modified foods using fundamental rheology. Fundamental material properties 
can give insights into the microstructure of these foods, which can be used to manipulate and create 
desired flow behaviours in these foods. In this study, the flow behaviour of comminuted peas will 
be manipulated by changing the particle size distribution, phase volume and the viscosity of the 
serum phase and the effect of changing these parameters on the rheological behaviour and the 
sensory perception of ease of swallow will be investigated. This thesis sets out to understand the 
processing/structure/function relationship of comminuted green peas in order to rationally design 
foods for dysphagia sufferers. 
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CHAPTER 3 
 
3 Materials and Methods 
 
 
3.1 Introduction 
This chapter details the raw material studied and the methodologies used to prepare and characterise 
comminuted green peas throughout this research project. Characterisation techniques used to 
investigate the effect of processing in the structure of the peas (particle size distribution as well as 
ratios of dispersed and continuous phase) and its impact on the rheological behaviour are discussed.  
Specific equipment and techniques employed in Chapters 6 and 7 are specifically detailed in those 
chapters. In Chapter 6, the ring shear tester (RST-XS, Dr Dietmar Schulze Schuttgütmesstechnik, 
Wolfenbüttel, Germany) was used to measure the flowability and cohesiveness of comminuted 
peas, and in Chapter 7 descriptive sensory evaluation techniques were applied to evaluate the 
sensory attributes of comminuted peas.  
 
3.2 Materials 
3.2.1 Green peas 
Green peas were selected as the model system for this project for two main reasons.  Firstly, they 
are a commonly consumed vegetable in aged care homes, served at least 3 to 4 times per week. 
Secondly, cooked comminuted green pea particles do not absorb any liquid components such as 
water, milk or sauce added to it.  The liquid component only lubricates the surface of the particles. 
As the liquid component is not absorbed into the particles, the pea particle firmness does not change 
46 
 
with added liquid. This is important as particle modulus impacts on how these systems pack and 
flow (Adams, Frith & Stokes 2004).   
Due to the biological nature (of the raw material) and seasonal availability, three different brands of 
peas were utilised during this project (Figure 3.1) and were based on the peas used by RSL Care 
central kitchen for the meals for aged care homes.  RSL Care kindly provided all the peas for this 
research project. 
Table 3.1 details the nutritional composition of peas as indicated on the nutritional labelling on the 
packaging, on the basis of 100g of raw product.  Unfortunately, there was no nutritional information 
on the packet of Mydibel peas.  However, proximate analysis of cooked Mydibel peas was 
conducted by the Analytical Services at the University of Queensland.  It should be noted that both 
Mydibel and COOP peas were “petits pois” meaning baby peas (not fully mature). 
   
A B C 
Figure 3.1: Three different brands of peas utilised in this project - A - Mydibel peas from Belgium, 
B - Edgells peas from Australia, C – COOP peas purchased in Switzerland 
 
Table 3.1: Nutritional composition of green peas utilised in the project  
Composition Mydibel Peas
a
 Edgells Peas
b
 COOP Peas
b
 
Protein 9.3 4.8 7 
Fat 0.7 0.4 0.5 
Carbohydrate 5.2 6.4 12 
Fibre 15.2 6.5 5 
a 
nutritional composition is based on 100 g of cooked peas as measured by the Analytical Services 
at the University of Queensland. 
b
 nutritional composition is based on grams per 100 g of raw peas, 
as indicated on the packaging. 
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3.2.2 Pectin  
High methlyester (also known as methoxyl) citrus pectin with a degree of esterification of 68 – 76% 
was kindly supplied by Hawkins Watts Australia Pty (manufactured by Herbstreith and Fox in 
Germany). In this research pectin was used as a thickening agent to increase the viscosity of the 
serum phase in the comminuted peas. Pectin solutions of varying concentrations, namely 2, 4 and 8 
wt%, were prepared by slowly dispersing the required amount of dried pectin in boiling water in a 
beaker while mixing with a magnetic stirrer on a hot plate, set at 100°C.  The speed on the magnetic 
stirrer was gradually increased to a maximum to ensure sufficient agitation to avoid any lumping of 
the pure pectin powder. Once all the pectin was added to boiling water, the beaker was covered with 
aluminium foil to avoid evaporative losses, and mixed for 5 minutes. During the mixing, the 
temperature of the pectin solution was maintained at >95°C via the heated hot plate. Five minutes of 
mixing was sufficient to dissolve 2, 4 and 8 wt% of pectin. Immediately after mixing the beaker 
was placed in a 2°C chiller and cooled overnight prior to use.  
 
3.3 Methodology 
3.3.1 Cooking of peas 
All three brands of peas were cooked using the same procedure. 1 kg of frozen peas were placed on 
a stainless steel baking tray with holes at the bottom and cooked in a Combi oven at 100°C in 100% 
steam for 20 minutes. Immediately after cooking, the peas were cooled to 4°C in a 2°C chiller. The 
weight loss during cooking and chilling ranged from 10 to 13% for all three brands of peas. 
3.3.2 Comminution of cooked of peas 
Peas were comminuted using three different techniques – mincing, pureeing and freeze-fracturing 
(Figure 3.2).  Mincing and pureeing are common techniques used to prepare texture modified foods 
hence these were selected for this research project. During the course of the project, a “novel” 
technique – freeze-fracturing, was developed where cooked peas were comminuted while frozen to 
prepare minced and pureed equivalent products. To the best of our knowledge, this technique is not 
currently used in the dysphagia industry. Freeze-fracturing is an ideal technique for comminuting 
vegetables with tough outer skin, such as green peas and corn, which can make chewing of such 
vegetables difficult.   
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Figure 3.2: Three different comminution methods to produce minced, pureed, small- and large-
fractured peas 
 
3.3.2.1 Mincing (Texture B) 
Chilled peas at 4°C were minced in an Anvil mincer (CFE Pty Ltd) with a 4.5 mm hole mincing 
plate as shown in Figure 3.3.  Only when Mydibel (Belgium) peas were used, 10% water by weight 
was added to the minced peas and mixed to prepare Texture B peas.  Minced peas were stored in a 
4°C chiller until required for testing. Peas comminuted by the process of mincing will be referred to 
as “Minced peas” throughout the thesis. 
3.3.2.2 Pureeing (Texture C) 
Pureed peas were prepared by processing 500 g of minced peas for approximately 30 seconds in a 
Robot Coupe Blixer 4 (Vincennes Cedex, France) food processor (Figure 3.4).  The amount of peas 
pureed in every batch was kept constant, in order to minimise any batch to batch variation. These 
peas will be referred to as “Pureed peas” throughout the thesis. 
3.3.2.3 Freeze-Fracturing (Texture B and C equivalent) 
Cooked and chilled peas were packed in a thin layer in a plastic bag and placed in a -20°C freezer to 
achieve “free-flowing” frozen peas.  500 g of these frozen peas were fractured in the Robot Coupe 
Blixer 4 food processor for 20 seconds to prepare peas with “large” particles representing minced or 
Texture B peas, and for 1 minute to prepare peas with “small” particles representing pureed or 
Texture C peas (Figure 3.5). The processing times for freeze-fracturing are based on preliminary 
trials, where the frozen peas were fractured for different times. Based on the particle size 
distribution results from these preliminary trials, freeze-fracturing times of 20 seconds and 1 minute 
were selected to achieve Texture B and C equivalent comminuted peas. The amount of peas 
processed for each batch was kept constant (500 g) to ensure similar particle size distributions and 
to minimise batch to batch variations. Immediately after processing, fractured peas were packed in 
plastic bags, sealed and stored in a -20°C freezer to maintain the “free flowing” nature of the 
Pureed Peas 
(Texture C)
Cooked  and 
chilled green peas
Frozen cooked   
peas
Minced Peas 
(Texture B)
Pureeing
Fracturing Large fractured 
peas
Small fractured 
peas 
60 s
20 s
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comminuted peas.  Fractured peas were thawed in a 4°C chiller overnight prior to any evaluations. 
Frozen peas processed for 20 seconds and 1 minute will be referred to as “large-fractured” and 
“small-fractured” peas respectively throughout this thesis.  
Unfortunately, it was impossible to achieve the same particle size distributions for minced peas 
such that they could be compared directly to large-fractured peas or that pureed peas could be 
compared directly to small-fractured peas. Instead our aim was to control the particle sizes to create 
to two types of textures – Texture B and Texture C, where Texture B was dominated by “large” 
particles and Texture C was dominated by “small” particles. Although the particle size distributions 
for minced and large-fractured peas was not identical, they were both dominated by large particles 
and were hence considered to be Texture B peas and similarly pureed and small-fractured peas were 
considered to be Texture C equivalents.  
    
Figure 3.3: Mincer plate (L) and mincer used to prepare minced peas (Texture B) 
 
    
Figure 3.4: Food processor blade and food processor used to prepare pureed peas (Texture C) 
 
    
Figure 3.5: Process for manufacturing fractured peas with small or large particles (Texture B or C) 
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3.3.3 Rheological measurements 
Rheological measurements were conducted on both stress and strain controlled rheometers.  The 
strain controlled rheometer was Rheometics ARES and the stress controlled rheometers were TA 
Instruments ARG2 and TA1500. In general the vane geometry was used to measure the rheological 
behaviour of comminuted peas whereas the cone and plate geometry was used to measure the flow 
behaviour of the viscous components and the serum phase of the peas. 
3.3.3.1 Vane geometry 
The vane-in-cup geometry was used for all minced, pureed and freeze-fractured peas. This 
geometry is more suited to food materials with particulate matter since the gap between the cup and 
the vane (annulus) is larger than in the cup-in-bob or cone-and-plate geometry, minimising any 
entrapment of particulate matter in the gap, and therefore minimising slip (Stokes & Telford 2004; 
Yoo, Rao & Steffe 1995). Also, insertion of the vane into the sample causes minimal breakdown of 
sample microstructure, therefore it is an ideal geometry to use for structured systems like 
comminuted peas. The assumption made when using the vane tool is that the shear rate around the 
vane is directly proportional to the rotational speed (Rao 1999) i.e. the cylindrical body of material 
moving with the vane is proportional to the rotational speed of the cup in couette geometry.  
In this project, three different size vanes, with four blades, were used depending on the nature of the 
material being tested as well as the rheometer being used. The rheometer used and the 
corresponding cup and vane dimensions are summarised in Table 3.2.  Figure 3.6 illustrates the 
dimensions of the cup and vane used on the ARES rheometer with the 22.5 mm diameter vane.  The 
annular gap for all the vane-in-cup geometries was larger than the largest pea particle size (5 mm) 
to ensure no entrapment of particles during measurement.  
Table 3.2: Dimensions of the cup and vane used on different rheometers 
Rheometer 
 
Cup 
Diameter 
(mm) 
Cup Type  
 
 
Vane 
Diameter 
(mm) 
Vane 
Length 
(mm) 
Annular 
Gap 
(mm) 
ARES 34 Smooth 22.5 25 5.8 
ARES 34 Smooth 12 25 11 
TA1500 44 Serrated 22 11 11 
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Figure 3.6: Dimensions of vane-in-cup geometry used on the ARES rheometer 
 
3.3.3.2 Dynamic rheological measurements 
Dynamic rheological measurements are used to probe the material property of a bulk solid or liquid 
in an undisturbed state or in the linear viscoelastic region (LVR). LVR is the region where the stress 
is linear with strain, so that G' and G'' are constant with applied strain at a set frequency i.e. where 
the moduli are not strain amplitude dependent. Comminuted peas were subjected to small-amplitude 
oscillatory shear (SAOS) to determine the LVR. The applied strain generated two stress 
components, the elastic or storage modulus (G´) and the viscous or loss modulus at (G˝). When G´ 
was greater than G˝ the material had a more solid-like (elastic or recoverable) behaviour and when 
G˝ was greater than G´ the material had a more liquid-like behaviour. 
Dynamic strain sweep test was conducted at a strain ranging from 0.01 to 100% strain and at 
frequency of 10 rad/s to determine the linear viscoelastic region.  These parameters were used on both 
ARES and TA1500 rheometers for all strain sweep tests. Based on the strain sweep data, 0.1% strain 
was used for further dynamic tests for all comminuted peas as that was within LVR and the torque 
generated at 0.1% strain was within the working range of both rheometers. Frequency sweep tests were 
conducted at 0.1% strain for the frequency range of 0.1 to 100 rad/s on the ARES rheometer and 0.3 
to 100 rad/s on the TA1500 rheometer.  
Figure 3.7 compares the frequency sweep data for the same sample of comminuted peas when 
measured on ARES and TA 1500 rheometers using three different vanes as detailed in Table 3.2. As 
can be seen from Figure 3.7, the G´ data from each of the vanes is similar.  The reproducibility of 
measurements on an individual rheometer is of the order of 20%. Given this, the differences 
between the three rheometer’s data at a frequency of 10 rad/s was not significant at p<0.05. 
22.5 mm – diameter of the vane
34 mm – diameter of the cup
5.8mm – annulus
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Figure 3.7: Comparison of dynamic rhelogy data for the same sample using the three different vanes 
where ARES and TA indicates the rheometer used and the 12, 22.5 and 22 are the diameter of the 
vanes. 
 
During the preliminary trials, dynamic rheological tests were repeated several times for the same 
sample. The results showed good repeatability and reproducibility for G´ and G˝ data. The 
assessment of error on these samples showed that duplicate samples were sufficient for dynamic 
rheology; hence all dynamic rheological measurements were conducted in duplicates. The 
reproducibility of the data was such that the error bars were smaller than the plotted symbols hence 
no error bars are shown in dynamic rheology graphs.  
The initial rheological studies were conducted with the 22.5 diameter vane on the ARES rheometer. 
However the larger diameter of this vane limited the yield stress measurements, as the torque limit 
for the machine was reached prior to the yielding of the samples. Therefore a 12 mm diameter vane 
was manufactured for higher torque measurements on the ARES rheometer.  
Although three different vanes were used in this research, in general, the same vane was used to 
compare the rheological behaviours within a set of experiments, such that the trends amongst the 
samples were comparable. In the experimental section of each of the chapters, the vane tool and the 
rheometer used for the various experiments is clearly outlined. 
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3.3.3.3 Yield stress measurements  
Yield stress is a critical stress at which a material starts to flow. It is a difficult material parameter to 
measure and there are many techniques for determining yield stress of concentrated suspensions.  
Yield stress can be measured directly, but the measured value is dependent on the measurement 
technique and the equipment used. It can also be determined indirectly by fitting rheological data to 
various models such as Herschel-Bulkley, Bingham or Cassons.  However, shear stress-sweep data 
is required for these models. Due to the solid-like nature, comminuted peas tend to fracture rather 
than flow above the critical stress; hence it was not possible to obtain any shear data to fit these 
models.  Instead, for this project, yield stress of comminuted peas was measured directly by 
applying a constant, low shear rate to the sample until there was a peak in stress response.  This 
peak in stress response was regarded as the apparent yield stress for the sample at a given shear rate. 
Many researchers have used this direct technique to measure the yield stress of food suspensions, 
skin creams and clay suspensions (Lopez-Sanchez et al. 2012; Nguyen & Boger 1985; Stokes & 
Telford 2004). 
The step-rate test was used on the ARES rheometer to determine the apparent yield stress of 
comminuted peas, using the vane geometry.  The samples were sheared at a constant shear rate of 
0.1 s
-1
 for 300 seconds. This was the minimum shear rate at which comminuted peas showed a peak 
in stress response and yielded, as shown in Figure 3.8. This peak stress was selected as the apparent 
yield stress for that sample. 
The peak-hold test, identical to the step-rate test, was used on the TA1500 (stress-controlled 
rheometer) to measure the yield stress of comminuted pea samples. A shear rate of 0.1 s
-1
 was 
applied for 300 seconds and the corresponding peak in stress response was regarded as the yield 
stress for that sample, similar to that shown in Figure 3.8. All yield stress measurements were 
conducted in triplicates. 
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Figure 3.8: Example of the determination of yield stress from step rate test at low shear rates for a 
comminuted pea sample 
 
3.3.3.4 Dynamic and steady shear measurement of pea serum and viscous components 
TA Instruments rheometer ARG2 fitted with a cone and plate geometry was used to measure the 
dynamic and steady state behaviour of the serum phase and the viscous components used in this 
project. A 60 mm diameter plate with a 1° angle and 24 µm truncation was used for all 
measurements.  
Viscous components were subjected to small-amplitude oscillatory shear (SAOS), to determine the 
LVR. Stress sweep tests were conducted at stresses ranging from 0.1 to 100 Pa stress and at the 
frequency of 1 Hz. Shear stress of 1 Pa was within the LVR for all viscous components. Frequency 
sweep tests were conducted at shear stress of 1 Pa and the frequency range of 0.1 to 100 rad/s. 
The steady state flow behaviour of the viscous components was determined using a stepped flow 
test.  Shear stress of 0.05 to 500 Pa was applied, depending on the viscosity of the sample, which 
resulted in shear rates of 1 to 1000 s
-1
. Steady state measurements were taken after 30 seconds. All 
steady shear measurements on viscous components were performed in triplicates. 
3.3.3.5 Steady shear measurements of comminuted peas 
The TA Instruments AR1500 rheometer fitted with a 22 mm diameter vane and a serrated cup (see 
Table 3.2) was used to measure the steady state behaviour of comminuted peas with yield stresses 
less than or equal to 200 Pa. The comminuted pea samples were diluted by 25 wt% with either 
water or viscous components (pectin solution) such that they flowed and not fractured as was the 
case with higher yield stress samples. The steady state flow behaviour of diluted comminuted peas 
was determined using a stepped flow test where the sample was subjected to shear stress of 25 to 
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1000 Pa, depending on the sample. The steady state measurements were taken after 30 seconds. All 
steady shear measurements on comminuted peas were performed in duplicates. 
3.3.4 Particle size distribution using wet sieving 
A stack of eight sieves with different apertures (2.8 mm, 1 mm, 710 µm, 500 µm, 250 µm, 180 µm, 
125 µm, 75 µm) were stacked from the largest to the smallest aperture (Figure 3.9A) to determine 
particle size distribution of comminuted peas. 10 g of either minced, pureed or freeze-fractured peas 
were mixed with 500 ml of water to form a slurry and then poured gently on the top sieve. The 
stack of sieves was gently showered with water at a flow rate of approximately 6 litres per minute 
for 30 seconds (Figure 3.9B). Pea particles retained on each sieve were carefully collected by 
washing the sieve in a container and filtering the resulting mixture through a Buchner funnel lined 
with a pre-weighed filter paper. The filter paper containing the wet particles (Figure 3.10) was 
weighed prior to drying in a 65°C vacuum oven for 48 hours. The dried weight of the particles on 
each sieve was used to calculate the particle size distribution of comminuted peas. The particle size 
distribution was calculated on the basis of water insoluble solids. Indeed, solids dissolved in the 
serum would be washed out during the wet sieving process, hence only the water insoluble solids 
would be collected. Each sample was evaluated at least twice for its particle size distribution and 
the data was then averaged to determine the final particle size distribution for that sample.   
This wet sieving procedure was repeated at least twice to collect wet pea particles (from each sieve) 
for particle size analysis using Malvern Mastersizer.  Wet sieving was used to determine the particle 
size distribution of the entire sample of peas whereas Mastersizer was used to determine the particle 
size distribution within the sample collected on each sieve.  
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A B 
Figure 3.9:  Wet sieving of pea particles. A– pouring sample on the top sieve of the stack and B– 
showering the sample to ensure good separation of the pea particles on each sieve. 
  
  
Minced peas Pureed peas 
Figure 3.10: Wet particles collected after filtering minced and pureed peas through a stack of 
different aperture sieves – from 2800 µm sieve on the top left to 75 µm in the bottom right. Minced 
peas have more large particles whereas pureed peas have more small ones. 
 
3.3.5 Particle size distribution using Mastersizer 
Malvern Mastersizer (Malvern Instruments Ltd, Worcestershire, UK) with laser light scattering and 
Mastersizer 2000 software version 5.6 was used to measure the particle size distribution of pea 
particles. Laser light scattering or diffraction is based on the principle that particles passing through 
a laser beam will scatter light at an angle directly related to their size. Large particles scatter light at 
narrow angles with high intensity whereas small particles scatter at wider angles but with low 
intensity (Malvern Instruments Limited). When calculating particle size distribution based on light 
scattering data, it is assumed that all particles are spherical and homogeneous and that their optical 
properties as well as that of the surrounding medium are known. Also it is required that the 
suspension is diluted to less than 1% so that the scattered light is measured before it is re-scattered 
by other particles.  
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The individual pea cells or aggregates of cells are not spherical but the aspect ratio is not too large 
(Figure 3.11). This deviation from spherical does not appear to add any appreciable error to the 
Mastersizer results as the Mastersizer data correlated well with the sieve apertures used during wet 
sieving of pea samples. Due to the 2 mm maximum particle size limit on the Mastersizer, samples 
collected on 2.8 mm and 1 mm sieves were not measured using the laser light scattering technique.  
Only particles that passed through the 1 mm sieve were measured using the Mastersizer. All 
samples were measured in duplicates. 
 
Figure 3.11: Morphology of individual and aggregates of pea cells observed using light microscopy. 
 
Pea particles were gradually added to the measurement chamber (i.e. beaker) containing water until 
the optimum obscuration range of 10% to 20% was reached, after which the sample was measured 
using laser diffraction. A refractive index of 1.33 was used for water. Particle sizes were reported in 
median diameter (d0.5) where 50% of the particle as above or below a certain value, volume-
weighted mean diameter (d4,3) and surface-weighted mean diameter (d3,2). The volume and area 
based diameters were obtained as follows: 
        
 
  
       
 
 
 
          
       
 
  
 
where ni is the number of particles with diameter di 
500 µm
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3.3.6 Texture Analysis 
Stable Micro Systems TA.XT2 Plus texture analyser with Texture Exponent 32 software and 500 N 
load cell was used to determine the textural characteristics of the peas. 100 g of comminuted peas 
were filled into 100 ml glass beakers with an internal diameter of 45 mm to a height of 55 mm.  
Samples were compressed at 100 mm/min to a deformation of 33%, using a 35 mm diameter probe. 
A double compression test was used i.e. the samples were compressed and decompressed twice 
(similar to texture profile analysis (Bourne 2002)). The textural characteristics were determined 
from the force verses time curve as shown in Figure 3.12. The maximum force from the first 
compression was defined as the “hardness” and the ratio of the force areas during the compression 
cycle was defined as the cohesiveness (Area 2 / Area 1). All samples were measured in triplicates. 
 
 
Figure 3.12: Typical force verses time graph for double compression TPA test. 
 
3.3.7 Total moisture content measurement 
2 to 3 g of comminuted peas were weighed into small aluminium dishes and dried at 65°C in a 
vacuum oven for 48 hours. Samples were weighed immediately after removing from the oven. The 
total moisture content was calculated based on the weight difference before and after drying.  All 
moisture content measurements were carried out in triplicates. 
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3.3.8 Serum content and wet solid fraction  
The serum content in each sample was determined by weighing approximately 40 g of the pea 
sample into a 50 ml centrifugation tube (Falcon tube) as shown in Figure 3.13 A.  The samples were 
centrifuged at 11,000 rpm, corresponding to 14880 g (gravitational force) for 30 minutes at 25°C 
using Eppendorf centrifuge 5804R.  The serum collected at the top of the tubes (Figure 3.13 B) was 
decanted off immediately after centrifugation and weighed. The serum content was calculated as a 
ratio of the weight of the serum and the total weight of the sample.  Once the serum was decanted 
off, the remaining pellet (pea solids) was also weighed. The wet solid fraction (φw) was calculated 
as a ratio of the weight of the pellet and the total weight of the sample. The serum content and wet 
solid fraction measurements were carried out in triplicates. 
It was observed that if the serum was not decanted off immediately after centrifugation, it was 
absorbed back into the pea solids (Figure 3.13 C), resulting in inaccurate results. The serum content 
was measured to determine the impact of the viscous phase on the rheological behaviour of the pea 
samples.   
   
Figure 3.13: Centrifugation of pea samples for serum content determination. A – sample before 
centrifugation, B – immediately after centrifugation and C – 10 minutes after centrifugation. 
 
3.3.9 Light microscopy 
The microstructure of comminuted peas was imaged using a light microscope (ZEISS Axioplan 2 
Epifluorescent) fitted with ZEISS AxioCam MRm camera for grey scale imaging and Diagnostics 
Instruments Spot Jn camera for colour imaging. Microscopy was used to determine the morphology 
of various pea particles. The pea particles were diluted in water (approximately 20 times) and a 
drop of the sample was placed onto a glass slide and covered with a cover slip. Due to large size of 
pea particles, most of the images were taken at 4 or 10 times magnification only. 
B A C 
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3.3.10 Confocal Microscopy 
Confocal laser scanning microscopy (CLSM) is a technique for obtaining high-resolution optical 
images with a highly limited depth of focus. The limited depth of focus results in sharp images 
without any out of focus features. By changing the focal plane it is possible to visualise structures 
inside a sample by ‘optical sectioning’ of the specimen. CLSM uses fluorescence to visualise 
material structures and differentiation between components of a sample can be obtained by labelling 
different ingredients (e.g. fat and protein) with part specific fluorescent probes.  
A Leica TCS SP5 upright confocal laser scanning microscope (Leica Microsystems, Wetzlar, 
Germany) was used to observe the microstructure of pea samples at room temperature. Cell wall 
material was labelled by adding a drop of Congo red solution (0.2% in water) to about 0.2 ml pea 
sample. The dye was carefully mixed into the sample using a spatula and then left to equilibrate for 
30 minutes. After mounting of the specimens onto glass slides, the fluorescent probe was excited by 
an Argon 488 nm laser and the reflected light was collected at 550-660 nm.  
3.3.11 Data Analysis 
Data was analysed using a Student’s t-Test on Microsoft Excel. The t-Test determines whether the 
means of two populations are different, based on the means and variances of the samples. In this 
research, two-tailed distribution (tails = 2) and unequal variances (type = 3) were used to analyse 
the data. The level of significance was set at 95% (p<0.05) which indicates the level of certainty of 
the outcome.  
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CHAPTER 4 
 
4 Effects of processing on the rheological behaviour of comminuted peas  
 
 
4.1 Introduction 
Texture modification of normal food via the process of mincing or pureeing is stipulated in the 
Australian standards and guidelines for texture modified foods for dysphagia (Atherton et al. 2007).  
The main purpose of texture modification is to reduce the particle size of foods to avoid choking by 
large particles, obstructing the airway of a person with compromised swallowing reflex. The 
standards recommend that particle size of minced foods should be less than 5 mm. Although there 
are no recommendations for particle size of pureed foods, particle size of less than 2 mm have been 
used for pureed foods (Hutterbauer 2004) in order to eliminate any choking hazards.  Therefore the 
current texture modification standards are only guided by visual particle size of the comminuted 
food.   
Comminution involves mechanical breakdown of food structure that results in a reduction in 
particle size. However, typical comminution processes such as mincing and pureeing, lead to wide 
ranges in particle size distributions. Furthermore, for fruits and vegetables, serum or juices are 
released as a result of the breakdown of cellular structure. The release of additional liquid 
component into plant cells dispersion impacts on the flow behaviour of these systems. 
The rheological behaviour of plant based suspension is dependent on the rheology of the suspension 
medium (continuous phase) and the amount of suspended solids, as well as on the size, morphology 
and modulus of the suspended “particles” (Lopez-Sanchez et al. 2012). In plant based suspensions, 
“particles” are composed of clusters of cells, single cells, cell wall fragments and other components 
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of the plant such as skin and seeds (Barrett, Garcia & Wayne 1998; Lopez-Sanchez et al. 2012; Rao 
& Qiu 1989). Particle properties depend on the seasonal variability of the plant food itself as well as 
the time and method of cooking and processing. Hence, rheology of these plant based suspensions 
is complex as all these factors can have an effect on the microstructure of the suspension.  
In concentrated plant based suspensions, interactions between particles leads to formation of elastic 
networks which gives rise to soft solid-like behaviours. This elastic behaviour could be due to many 
factors, such as close packing of the particles, weak attraction between particles, surface asperities, 
entanglement of particles, deformation of particles etc. (Lopez-Sanchez et al. 2012). However, it is 
difficult to determine which of these factors dominate the rheology at a given concentration. These 
systems consisting of anisotropic and deformable particles are difficult to characterise using 
theoretical models, as these models are generally based on hard spherical particles.  Therefore, the 
challenge is to define rheology of these complex systems based on the knowledge of the structure, 
particle properties and how these particles pack.  
There are many plant based foods, such as fruit and vegetable purees and soups that are a complex 
matrix of cellular and particulate matter suspended in the serum in a semi-solid like state.  However, 
the major differences between these “fluid” plant based foods and  texture modified foods is that 
texture modified foods tend to have a lower proportion of liquid or serum phase and larger particle 
sizes (especially minced foods) which do not flow at rest, unlike for example soups. This solid-like 
behaviour of texture modified foods is essential for the plated appearance of the foods as the scoops 
of food should maintain their visual appeal and not flow and blend into each other. Hence, texture 
modified foods tend to have high apparent yield stresses.   
This chapter explores the impact of comminution method on the structure and rheology of green 
peas. The aim was to identify how the rheology depends on comminuted pea particle size and the 
serum released from the structure. Two distinct brands, Edgells and Mydibel peas were used, as 
they differed in their variety and level of maturity. Edgells peas were fully mature whereas Mydibel 
peas were “baby” peas (immature). 
Therefore the aims of this chapter were to: 
- Investigate the impact of different comminution methods (i.e. mincing, pureeing and freeze-
fracturing) on particle size distribution, serum content and rheological behaviour of cooked peas 
from the same variety of Edgells peas. 
- Investigate the impact of the same method of comminution (i.e. mincing and pureeing) on 
different varieties of peas (Edgells and Mydibel peas) on particle size and distribution, serum 
content and rheological behaviour. 
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4.2 Experimental 
In this chapter two experiments were conducted. In the initial experiment, Edgells peas were 
comminuted using the technique of mincing, pureeing and freeze-fracturing for two different times 
to prepare four samples as illustrated in Figure 4.1.  
 
 
Figure 4.1: Method of preparing minced, pureed, large- and small-fractured pea samples from the 
same variety of Edgells peas. 
 
In the second experiment, both Mydibel and Edgells peas were comminuted using the same 
techniques (mincing and pureeing), again resulting in four samples. Figure 4.2 outlines the process 
of preparing minced and pureed Edgells and Mydibel peas. 
 
 
Figure 4.2: Method of preparing minced and pureed Edgells and Mydibel peas. 
 
4.2.1 Materials 
The two brands of green peas studied in this chapter were Edgells and Mydibel. The nutritional 
composition of these peas is outlined in Table 3.1.  Both Edgells and Mydibel peas were cooked, 
cooled and processed into minced, pureed, large- and small-fractured peas as described in Sections 
3.3.1 and 3.3.2.  
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4.2.2 Experimental methodology 
In this chapter, all the comminuted peas were characterised using various techniques described in 
Chapter 3: 
 Dynamic moduli – elastic and viscous (G´ and G˝), as well as yield stress were measured using 
the three combinations of vane-in-cup geometries and rheometers detailed in Table 3.2.  The 
dynamic rheological measurements on all the minced and pureed peas were conducted using the 
22.5 mm diameter vane and the yield stress measurements were conducted using the 12 mm 
diameter vane on the ARES rheometer respectively. All the rheological measurements on the 
freeze-fractured peas were conducted using the 22 mm diameter vane on the TA 1500. Details 
of the measurements were described in Section 3.3.3. 
 Particle size distribution and analysis was undertaken using wet-sieving and laser diffraction 
methods as detailed in Sections 3.3.4 and Section 3.3.5. 
 Serum content of comminuted peas was determined using the centrifugation method  as 
described in Section 3.3.8. 
 Moisture content of comminuted peas was determined using the vacuum drying method as 
detailed in Section 3.3.7. 
 Light and confocal microscopy was used to visualise the impact of processing on pea particle 
morphology using the methods described in Section 3.3.9 and Section 3.3.10. 
 Data was analysed using Student’s t-Test  as described in Section 3.3.11. 
 
4.3 Results  
4.3.1 Effect of different comminution methods on the same variety of Edgells peas 
In this experiment the effect of different methods of comminution on the product characteristics and 
rheological behaviour was investigated. 
4.3.1.1 Effect of comminution on particle morphology 
Comminution of peas resulted in a particulated soft solid, with multi-hierarchical structures 
consisting of large clusters of cells, cell fragments and starch granules, dispersed in the serum 
released during cellular structure breakdown. Figure 4.3 illustrates the solid-like nature of minced 
and pureed peas, and their ability to maintain their shape when served onto a plate using an ice-
cream scoop.  
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Figure 4.3: Transformation of green peas into particulated soft solid structure by the process of 
mincing and pureeing. Minced (L) and pureed (R) peas in bulk and when plated using an ice-cream 
scoop. 
 
Figure 4.4 illustrates the multi-scale structures in comminuted peas that give rise to their solid-like 
behaviours. These are composed of large clusters of cells (~5 mm), smaller aggregates of cells (1 to 
2 mm), single cells (200 µm), aggregates of starch granules released from broken cells as well as 
individual starch granules (10 µm). As can be seen from Figure 4.4, particles at all length scales are 
anisotropic and have surface asperities. This is most evident in larger particles composed of large 
clusters of cells and plant cell aggregates. The method of comminution or the variety of peas did not 
impact on the morphology of peas, as observed using light microscopy. Therefore, Figure 4.4 
represents the structure of the particles composing all comminuted peas. 
The comminuted pea matrix is composed of a high concentration of these particles “dispersed” in a 
low concentration of serum which made these systems complex and difficult to characterise 
rheologically.  As it is a challenge to isolate the particles into their individual sizes and study them 
separately without altering the properties of the particles themselves and the overall structure of the 
system, in this research comminuted peas were characterised in their entirety as that is how they are 
consumed. 
Mincing
Pureeing
10 mm
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Figure 4.4: Multi-hierarchical structures of comminuted peas (imaged by light microscopy) 
 
4.3.1.2 Particle size and distribution 
The method of comminution did not impact on the overall morphology of the multi-scale particles 
that composes comminuted peas (Figure 4.4); however it did have a considerable impact on the 
particle size distribution.   
Wet Sieving 
The particle size distribution of all comminuted peas was determined using the wet sieving method.  
The percentage of peas on each sieve was calculated based on the water insoluble solids content i.e. 
without solids dissolved in the serum, as these are washed out during the wet sieving process. Table 
4.1 summarises the percentages of particles collected on each sieve for the four comminuted pea 
samples and Figure 4.5 illustrates this particle size distribution data graphically.  These results show 
that in minced peas 59% of the particles were larger than 1 mm compared to less than 10% in 
pureed peas. These findings confirm that the process of pureeing had a significant (p<0.05) effect 
on reducing particle sizes to less than 1 mm in size. The process of pureeing also impacted on the 
smaller particle end of the distribution where pureed peas had a higher percentage of the particles 
less than 125 µm in size compared to minced peas. 
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Skin and large clusters of cells Plant cell aggregates Plant cell dispersion 
   
   
                                        100µm                                            10µm                                           10µm 
Individual pea cell Starch granule aggregates Individual starch granule 
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Table 4.1: Particle size distribution of minced, pureed and fractured (Large and Small) Edgells peas 
determined using the wet sieving method. 
Sieve 
Aperture 
(µm) 
% of particles on each sieve after wet sieving 
Minced Large-fractured Pureed Small-fractured 
Fines 3.8 ± 3.4 9.7 ± 0.9 23.5 ± 0.4 14.1 ± 4.1 
75 7.3 ± 0.6 6.9 ± 4.8 33.1 ± 5.4 9.8 ± 3.6 
125 5.3 ± 0.1 8.4 ± 0.6 6.6 ± 2.1 11.5 ± 2.9 
180 8.0 ± 1.3 8.7 ± 0.4 9.1 ± 4.8 9.2 ± 2.9 
250 6.1 ± 0 17.5 ± 2.3 7.4 ± 1.2 20.5 ± 0.9 
500 6.9 ± 3.7 12.2 ± 5.8 6.2 ± 3.6 10.15 ± 0 
710 3.5 ± 2.4 9.7 ± 0.4 7.1 ± 0.4 12.0 ± 0.6 
1000 31.0 ± 1.9 27.1 ± 0.6 6.7 ± 0.8 12.8 ± 0.4 
2800 28.4 ± 1.2 0.5 ± 0.1 0.4 ± 0.1 0 
 
 
 
Figure 4.5: Particle size distribution of minced, pureed, large- and small-fractured Edgells peas as 
determined using the wet sieving method. The * denotes that there were no particles ≥ 2800 µm in  
small-fractured peas. 
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When comparing large- and small-fractured peas, the data in Table 4.1 shows that in large-fractured 
peas, 28% of particles were larger than 1 mm compared to 13% in small-fractured peas. The 
difference between these two samples was the time of processing, where large-fractured peas were 
processed for 20 seconds compared to 1 minute for the small-fractured. Interestingly the particle 
size distribution for large- and small-fractured peas was similar for all sieves sizes below 710 µm 
(Figure 4.5). This could be due to the size reduction limitation of the food processor. Therefore the 
main difference between minced and pureed peas was the proportion of particles larger than 1 mm 
and smaller than 125 µm whereas in large- and small-fractured peas it is the proportion of particles 
larger than 710 µm.  
Large- and small-fractured peas were intended to be comparable in size distribution to minced and 
pureed peas respectively; however, Figure 4.5 shows there were significant differences in their 
particle size distributions. Minced and large-fractured were only significantly different (p<0.05) for 
the percentage of particles on the 2.8 mm sieve. In minced peas over 28% of the particles were 
larger than 2.8 mm compared to 0.5% for large-fractured peas. There was no significant difference 
between the particles on any other sieves. 59% of minced peas were composed of particles larger 
than 1 mm compared to only 28% in large-fractured peas.  
Pureed and small-fractured peas contained negligible amounts of particles above 2.8 mm in size 
(see Figure 4.5 and Table 4.1). The percentages of particles on 1 mm sieve were significantly 
different (p<0.05) at 7% and 13% for pureed and small-fractured peas respectively. Similarly, there 
were significant differences (p<0.05) between the particles on 710, 250, and 75 µm sieves for 
pureed and small-fractured peas. In general, small-fractured peas had a higher percentage of peas 
particles on each of the sieves from 125 to 1000 µm. Pureed peas on the other hand had 
significantly higher percentage of peas on sieves <125 µm in size.  In pureed peas, greater than 56% 
of the pea particles were less than 125 µm which is significantly higher compared to 24% in small-
fractured peas.  
The difference in the percentage of small particles <125 µm in pureed and small-fractured peas and 
large particles >1 mm in minced and fractured peas can be explained by the differences in the 
various processing methods. Mincing is a two stage process where the peas are squeezed and 
sheared through the auger, the mincing blade and the plate to reduce the particle size. The squeezing 
and shearing “peels” the skin off the peas, resulting in large pieces of skin in minced peas. On the 
contrary, the skin is cut into smaller pieces by the sharp rotating blade of the food processor during 
the fracturing process. Despite the method of comminution, particles collected on the 2.8 mm and 
1 mm sieve essentially consisted of the skin and large pieces of the pea core as shown in Figure 4.6. 
Pureed peas are prepared by food processing minced peas. The higher percentage of <125 µm 
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particles in pureed peas is due to further breakdown of the sheared pea particles in the food 
processor. The small-fractured peas are cut and not sheared into smaller particles hence the 
percentage of particles <125 µm are lower compared to pureed peas.  
 
  
Figure 4.6: Particles from minced Edgells peas, collected on 2.8mm (left) and 1mm (right) sieves 
after wet sieving. They are mainly composed of pea skin and large clusters of the core of the pea. 
 
Laser Diffraction - Mastersizer  
Particles collected on each of the sieves, except those collected on 2.8 mm and 1 mm sieves (due to 
limitation of the instrument), were also analysed using laser diffraction technique on the Malvern 
Mastersizer. The particle size distribution of particles collected on sieve apertures 75 µm, 125 µm, 
180 µm, 250 µm, 500 µm and 710 µm from minced, pureed, large- and small-fractured peas are 
shown in Figure 4.7. 
The particle size distribution of particles from minced and pureed peas, on each of the sieves looked 
similar with narrow distributions, except for the particles on the 250 µm sieve where the 
distribution appears to be slightly broader as shown in Figure 4.7 (a) and (b). The particle size 
distribution of large- and small-fractured peas was almost identical as can be seen from Figure 4.7 
(c) and (d). Particles on sieves 250 and 500 µm appear to have broader distributions than the other 
sieves. These results indicate that the particle size distribution of peas collected on each sieve were 
similar for freeze-fractured and, minced and pureed peas. The 250 µm sieve appears to have the 
widest distribution for each method of processing.   
All four graphs show a bimodal distribution for each sieve aperture, with a very small initial peak 
followed by a second peak. For particles on sieves 75 to 180 µm, the initial peak was at 
approximately 20 to 30 µm particle size. This could be due to starch granules, starch granule 
aggregates (Figure 4.4) or broken cell fragments adhering to or surrounding the intact pea cells. The 
skin 
core
kin 
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Figure 4.7: Particle size distribution of pea particles collected on 75, 125, 180, 250, 500 and 710 µm 
aperture sieves. Pea particles from (a) minced, (b) pureed, (c) large- and (d) small-fractured were 
measured using laser diffraction on the Mastersizer. 
 
size of starch granule aggregates (20 – 30 µm) is in agreement with this initial peak. The pea 
particles are highly diluted and vigorously mixed in the Mastersizer for laser diffraction; hence 
some of these starch granules and cell fragments, attached to the intact pea could be released during 
measurement, resulting in the initial small peak. The initial peak for the particles on 250 to 710 µm 
is at approximately 110 to 120 µm. On the larger aperture sieves, this initial peak could be due to 
intact single pea cells loosely attached to the pea cell aggregates (Figure 4.4) or cell fragments, 
being released during the measurement on the Mastersizer. 
Table 4.2 shows the average volume (or weight) mean (d4,3) particle diameter (averaged from three 
measurements) of particles collected on each sieve for minced, pureed, large- and small-fractured 
peas. d4,3 diameter is based on the mean volume or mass of the particles measured (Rawle 2013). 
The d4,3 diameters are in agreement with the sieve apertures, as the diameters are within the limits of 
the sieve apertures except on 500 to 710 µm and 710 to 1000 µm sieves, where the particle diameter 
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Table 4.2: Volume weighed mean (d4,3) particle diameter for peas particles collected on each sieve 
for minced, pureed, large and small fractured peas 
Sieve 
Aperture 
(µm) 
Particles Diameter – Volume weighted (d4,3) - µm 
Minced Large Pureed Small 
75 - 125 111 ± 1 125 ± 1 105 ± 1  120 ± 1 
125 - 180 123 ± 1 181 ± 1 120 ± 2 172 ± 1 
180 - 250 154 ± 2 256 ± 10 133 ± 2  252 ± 2 
250 - 500 377 ± 5 425 ±  10 444 ± 1 402 ± 5 
500 - 710 787 ± 3 732 ± 10 858 ± 2 798 ± 12 
710 - 1000 944 ± 6 965 ±15 1033 ± 2 1025 ± 8 
 
Table 4.3: Volume median (d0.5) particle diameter for peas particles collected on each sieve for 
minced, pureed, large and small fractured peas 
Sieve 
Aperture 
(µm) 
Median Particle Diameter (d0.5) - µm 
Minced Large Pureed Small 
75 - 125 107 ± 1 119 ± 1 101 ± 1 115 ± 1 
125 - 180 118 ± 1 169 ± 1 110 ± 1 161 ± 1 
180 - 250 139 ±  2 240 ± 7 125 ± 1 237 ± 2 
250 - 500 343 ± 5 391 ± 10 420 ± 1 367 ± 5 
500 - 710 735 ± 2 675 ± 15 804 ± 1 750 ± 10 
710 - 1000 922 ± 4 958 ± 15  1008 ± 5 1027 ± 5 
 
was greater than the sieve aperture. This could be due to higher aspect ratio (thinner, but longer) 
and the deformability of the particles such that they are able to pass through a smaller aperture 
sieve. In general, Table 4.2 shows that the d4,3 diameters were similar on each of the sieve, despite 
the method of processing. However, for the large- and small-fractured peas the particle diameters on 
the 75 to 180 µm sieves were larger than for minced and pureed peas. Particles on sieve apertures 
larger than 250 µm were closer in diameter for minced and large-fractured, and for pureed and 
small-fractured peas.   
Table 4.3 shows the volume median diameter (d0.5) of particles collected on each sieve for minced, 
pureed, large- and small-fractured peas. The d0.5 data in Table 4.3 show a similar trend to data in 
Table 4.2, with particle sizes being similar on each sieve despite the method of processing. The 
volume (d4,3) and number (d0.5) based particle sizes were similar which confirms that the particle 
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size distribution on the each of the sieves was narrow and that the wet sieving process was effective 
at separating the particles.  
These results show that comminution using mincing, pureeing and freeze-fracturing all resulted in 
particle size reduction. However, the method of processing and the time of processing (in case of 
freeze-fractured peas) impacted on the particle size distribution of the peas. Minced and large-
fractured peas, representing Texture B peas had a similar trend, as both had a higher proportion of 
particles greater than 1 mm in size compared to pureed and small-fractured peas (Texture C 
equivalent). These results confirmed that the process of pureeing and small-fracturing resulted in 
reducing 87% of the pea particles to less than 1 mm in size. The data from the laser diffraction 
showed that particles collected in each sieve were similar, based on their volume weighted 
diameters (d4,3), despite the different processing methods used to comminute the peas. If there were 
significant differences in the aspect ratios of the particles due to the different methods of 
processing, this would have been reflected in their size distributions. Therefore the method of 
processing had a significant impact on the particle size distribution of the peas but not necessarily 
on the morphology of the particles. 
Confocal laser scanning microscopy (CLSM) images in Figure 4.8 shows that particles on 250 to 
710 µm sieves were mainly large clusters or aggregates of pea cells. Particles on the 180 µm sieve 
were a combination of single cells and aggregates of 2 to 3 pea cells, particles on the 125 µm sieve 
were mainly single pea cells whereas particles on the 75 µm sieve included single pea cells, 
fragments of the cell wall and content from the broken cells. For CLSM imaging the cell wall 
material in the pea particles was labelled with Congo red dye and the fluorescence from the cell 
wall material was captured in the images. Figure 4.4 and Figure 4.8 show the various sizes and 
morphology of pea particles that compose the overall structure of comminuted peas.  
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Figure 4.8: Confocal images of freeze-fractured Edgells pea particles collected on different aperture 
sieves – (a) clusters of cells on 250 to 710 µm sieves, (b) single and small clusters of cells on 
180 µm sieve, (c) single cells in 125 µm sieve, (d) single cells and cell fragments on 75 µm sieve. 
 
4.3.1.3  Serum and moisture content 
In this research, the impact of particle size on physical properties and rheological behaviours of 
distinctively different comminuted peas (Texture B and C) was investigated by preparing minced 
and pureed, and large- and small-fractured peas. It was observed that the general trends in physical 
and rheological properties were closely aligned with particle size distributions.  For example, in 
minced and pureed peas and in large- and small-fractured peas, peas with higher percentage of 
particles >1 mm in size (minced and large-fractured – considered to be Texture B equivalents), 
showed similar trends in their physical properties, despite having different serum and wet solids 
fractions. Similarly the trends in physical properties for pureed and small-fractured (Texture C 
equivalents – dominated by a higher percentage of smaller particles) were the same.  
 
  
  
 
(a) (b) 
(c) (d) 
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The method of comminution impacts on the extent of cellular structure breakdown and hence the 
amount of serum released into the pea matrix. The amount of serum in the pea matrix was 
determined by centrifuging a known weight of sample, and the resulting supernatant was decanted 
off and weighed as explained in Section 3.3.8. Table 4.4 summarises the serum released from 
minced, pureed, large- and small-fractured peas.  
As can be seen from Table 4.4, minced peas with higher percentage of particles >1 mm, had a 
higher (p=0.053) serum content than pureed peas. The same behaviour is observed in large- and 
small-fractured peas where large-fractured peas have higher serum content than small-fractured, 
although for this group the differences were not statistically significant. Pureed and small-fractured 
peas were broken down into significantly smaller particle sizes than minced and large-fractured 
peas, as shown in Figure 4.5. Therefore the amount of serum in pureed and small-fractured peas 
may be expected to increase following centrifugation and not decrease as observed in this research. 
This lower amount of serum for pureed and small-fractured peas in comparison to minced and 
large-fractured peas suggests that while the greater degree of comminution is expected to release 
more serum, this serum is bound within the microstructure.  
Table 4.4: Serum released from comminuted peas after centrifugation 
Edgells Peas Serum Content*          
(%) 
Wet Solid Fraction*         
( φw ) 
Minced 28.8 ± 1.7 0.71 ± 0.02 
Pureed 24.7 ± 0.2 0.75 ± 0.01 
Large-fractured  36.4 ± 0.8 0.63 ± 0.01 
Small-fractured  35.4 ± 0.7 0.64 ± 0.01 
*see Table A4.1 in the Appendix for significant differences 
 
Table 4.4 also shows that the amount of serum released from large- and small-fractured peas was 
approximately 30% higher than minced and pureed peas.  This increase was due to freezing of the 
cooked peas prior to fracturing. Formation of ice crystals within fruit and vegetable tissues leads to 
the rupture of the cell walls and this is found to create a softer texture on thawing compared to 
unfrozen product (Fellows 2000). Because of this effect, leafy vegetables such as spinach and 
lettuce lose their structural integrity during freezing compared to fresh product. Given that total 
moisture content of all cooked and comminuted peas is 74% (Table 4.5), during freezing (in the 
case of freeze-fractured peas, where cooked peas are refrozen) the water in the pea cells freezes 
which causing the cell walls to partially or fully rupture. This possibly alters the porosity of the cell 
wall, causing the cells to lose their turgidity as well as release the intracellular fluids and cell 
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content into the matrix. Therefore the higher amount of serum released from freeze-fractured peas 
compared to minced and pureed peas could be due to the release of the intracellular fluids into the 
serum phase due to the increased porosity of the cell wall, as well as the release of the cell content 
into the fractured pea matrix.    
Table 4.5: Moisture content of Edgells peas comminuted using three different processing techniques 
(mincing, pureeing, and freeze-fracturing) 
Edgells Peas Moisture Content (%) 
Minced 74.6 ± 0.3 
Pureed 74.6 ± 0.1 
Large-fractured  74.5 ± 0.1 
Small-fractured  74.3 ± 0.1 
 
The serum content is an indicative measure of the solid to liquid ratio in the comminuted peas 
matrix, and is used to determine the wet solid fraction (φw). The φw is the solids that remain in the 
centrifuge tube after the serum is decanted off. Some researchers refer to this fraction as “effective 
phase volume” (Hemar et al. 2011; Lopez-Sanchez et al. 2011), as they were able to measure the 
initial volume of plant suspension and the resulting volume of solid and liquid fractions after 
centrifugation. Unfortunately due to the solid-like nature of comminuted peas, the initial volume of 
comminuted peas could not be measured accurately. Instead, comminuted peas were weighed into 
centrifugation tubes and the solid and serum content were calculated based on the weight of each of 
these fractions. Hence, we refer to resulting “pellet” from centrifuging as wet solid fraction and not 
“effective phase volume”. 
Table 4.5 shows that the total moisture content in all the comminuted peas were identical; however 
their serum content was different as shown in Table 4.4. Total moisture content was determined by 
drying the peas under vacuum at 65°C, which includes the water within the cells and cell walls of 
the peas. Serum content on the other hand was determined by centrifuging comminuted peas at 
11,000 rpm for 30 minutes, which is dependent on the packing and “compressibility” of the 
particles during centrifugation and how the water is bound within that structure. Hence, peas with 
the same total moisture content resulted in different serum content. 
4.3.1.4 Rheological behaviour of comminuted Edgells peas 
Comminuted peas were characterised rheologically using small amplitude oscillatory shear (SAOS) 
and step-rate test with the vane-in-cup geometry as described on Section 3.3.3.  The dotted line in 
Figure 4.9 shows that 0.1% strain was within the LVR for comminuted peas and therefore this strain  
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Figure 4.9: Strain sweep behaviour of comminuted Edgells peas at frequency of 10 rad/s. The 
dotted line indicates the strain of 0.1% at which all four samples are in the linear viscoelastic 
region. The data for each sample is an average of duplicate measurements. 
 
rate was used throughout this project for frequency sweep tests. Figure 4.9 shows that the elastic 
moduli, G´ for both minced and large-fractured peas were identical in the linear region whereas G´ 
for small-fractured and pureed peas were significantly lower (p<0.001). The G´ for pureed peas was 
also significantly lower (p<0.001) than small-fractured peas. 
Small amplitude oscillatory shear (SAOS) 
The linear viscoelastic properties of comminuted peas were evaluated using SAOS. Figure 4.10 
shows that all comminuted peas, despite the method of comminution, had a solid-like behaviour as 
elastic modulus was greater than the viscous modulus (i.e. G´ > G˝) at all measured frequencies 
from 0.3 to 100 rad/s. As with the strain sweep data, the G´ for large-fractured and minced peas was 
identical over the entire range of frequencies. The G´ for minced peas was significantly higher than 
pureed (p<0.03). Similarly the G´ for large-fractured peas was significantly higher (p<0.02) than 
small-fractured (see Table A4.1 in the Appendix for significant differences). The results show that 
minced and large-fractured peas with higher proportion of larger particles (>1 mm) had a more 
solid-like behaviour compared to pureed and small-fractured peas dominated by smaller particles 
(<1 mm), indicating again the impact of particle size on rheological properties. 
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G´ value of large-fractured and minced peas was identical (Figure 4.10) despite 59% of the particles 
in minced peas were larger than 1 mm compared to only 28% in large-fractured peas. This 
similarity in the G´ could arise from the fact these comminuted peas are densely packed and the 
closer packing of these particles increases the particle-particle interactions giving rise to similar G´ 
values, despite the differences in their size distributions. Although the G´ values were identical the 
G˝ values for large-fractured peas were higher than minced peas. As G˝ indicate the viscous or 
liquid-like behaviour of the peas, the higher G˝ for large- fractured peas is explained in terms of the 
serum content. The serum content of large-fractured peas was 36.4% compared to 28.8% in minced 
peas. These differences in the serum content will have an effect on how the energy is dissipated in 
the pea matrix.  
Figure 4.10 shows that the small-fractured peas had a higher G´ value than pureed peas at all 
frequencies. The main difference between the two in terms of their particle size distribution was that 
small-fractured peas had a higher percentage of the particles on all sieves ≥125 µm sieves compared 
to pureed, as shown in Figure 4.5. This difference in size distribution would affect packing and 
hence particle-particle interactions which would have an affect G´. Larger elastic entities tend to 
have higher elastic responses. 
 
 
Figure 4.10: Elastic and viscous moduli of comminuted Edgells peas at 0.1% strain. Filled symbols 
represent the elastic modulus (G´) and open symbols represent the viscous modulus (G˝ ) 
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Small-fractured peas also have higher G˝ value which is proposed to be due to higher serum content 
in small-fractured peas than pureed (Table 4.4). The higher serum content in both large- and small-
fractured peas was reflected in the higher G˝ values for these peas. Hence, there is a relationship 
between particle size distributions and serum content which affects particle packing, particle-
particle interaction and this particle-serum interaction is reflected in differences in their viscoelastic 
properties. 
Yield Stress – low constant shear 
In this study, the apparent yield stress was determined by applying a constant low shear rate of 
0.1 s
-1
 to comminuted peas until they yielded. The “peak” stress with time of shear is defined here 
as the apparent yield stress, as described in Section 3.3.3. Table 4.6 shows that yield stress values 
for Edgells peas comminuted using different processing methods were all significantly different. 
The yield stress values for minced peas were significantly higher than pureed (p<0.01) and similarly 
the yield stress values for large-fractured peas were significantly higher (p<0.01) than small-
fractured peas (see Table A4.1 in the Appendix for significant differences). This observation is 
similar to the G´ values in Figure 4.10 where minced and large-fractured peas with higher 
percentage of particles >1 mm had significantly higher G´ than pureed and small-fractured peas. 
This indicates that the comminution process impacts on both the G´ and yield stress. 
Large-fractured peas with higher serum content (36.4%) yielded at significantly lower stresses (940 
± 20 Pa) compared to minced peas with lower serum content (28.8%) which yielded at considerably 
higher applied stress of 1980 ± 120 Pa (p<0.01). Similar results were seen with peas with smaller 
particles, where small-fractured peas with higher serum content yielded at significantly lower 
(p<0.001) stresses compared to pureed peas (Table 4.6). These results clearly show that if the 
particle size distribution is similar, then the serum content has a significant impact on yield stress 
values. In this instance, the differences in the serum content for similar particle size distribution 
peas originated from different processing methods. Small- and large-fractured peas were frozen 
prior to freeze-fracturing, which increased the serum content and this impacted on the flow 
behaviour of the peas. These results indicate that higher serum content reduces the peak stress at 
which the comminuted peas yield. 
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Table 4.6: Yield stress data for comminuted Edgells peas at shear rate of 0.1 s
-1
 
Edgells Peas Yield Stress*(Pa) at 0.1 s
-1
 
Minced 1980 ± 120 
Pureed 1190 ± 10 
Large-fractured  940 ± 20 
Small-fractured  770 ± 30 
*see Table A4.1 in the Appendix for significant differences 
 
4.3.2 Effect of variety of peas when processed and comminuted using the same method 
This section investigates the influence of the effect of variety and brands of peas on the particle size 
distribution, serum content and rheology following mincing and pureeing. Mydibel and Edgells 
peas were processed and comminuted as outlined in Figure 4.2, which resulted in four samples. 
The composition of peas is affected by seasonal variability, level of maturity and climatic 
conditions (Tzitzikas et al. 2005). These compositional differences affect processing and 
comminution of these peas, which impacts on textural differences. The compositional differences 
between the peas are listed in Table 3.1.  
Table 4.7 shows that the moisture content of raw and, cooked minced and pureed peas. The total 
moisture content of raw Edgells peas was significantly higher than Mydibel peas. The cooking loss 
from both varieties of peas was similar; therefore cooked, minced and pureed Edgells peas had 
approximately 4% higher total moisture content than Mydibel peas (Table 4.7). 4% difference in 
total moisture content is equivalent to adding 10% water to Mydibel peas to achieve the same total 
moisture content as Edgells peas.    
The effect of comminution on the morphology of peas was similar to that explained in Section 
4.3.1.1. Minced and pureed peas from both varieties of peas were composed of multi-scale particle 
structures and had solid-like behaviour at rest. 
Table 4.7: Moisture content of raw, and cooked minced and pureed Edgells and Mydibel peas  
Pea Variety Moisture Content (%) 
 
Raw Cooked - Minced Cooked Pureed 
Edgells 78.4 ± 0.2 74.6 ± 0.3 74.6 ± 0.1 
Mydibel 73.2 ± 0.8 70.5 ± 0.1 70.7 ± 0.3 
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4.3.2.1 Particle size and distribution 
Figure 4.11 shows the particle size distribution of minced Edgells and Mydibel peas determined 
using the wet sieving method. The percentage of particles collected on the 2.8 mm sieve was 
identical for both Edgells and Mydibel peas (~28%) as shown in Table 4.8. There were no 
significant differences between the particle size distributions of Mydibel and Edgells on any of the 
sieves (Table 4.8 and Figure 4.11). Similar effect was seen in pureed peas (Figure 4.12) where again 
there were no significant differences between the particle size distributions of Mydibel and Edgells 
on any of the sieves except for particles <75 µm i.e. fines, where pureed peas had significantly 
higher (p<0.05) percentage of fines compared to small-fractured. These results indicate that the 
particles size distribution is influenced by the method of comminution rather than the variety of the 
peas. Day et al. (2010) also found similar results where dispersions made from carrot and broccoli 
stems had similar particle size distributions when cooked and blended using the same method, 
indicating material independence. In minced peas, over 50% of the particles were greater than 1 mm 
compared to less than 10% in pureed. These findings again confirm that the process of pureeing 
results in reducing the majority of particles to ≤ 1 mm in size.  
Table 4.8: Particle size distribution of minced and pureed Edgells and Mydibel peas determined 
using the wet sieving method. 
Sieve 
Aperture 
(µm) 
% of Particles on each sieve after wet sieving 
Edgells Mydibel 
Minced Pureed Minced  Pureed 
Fines 3.8 ± 3.4 23.5 ± 0.4 1.6 ± 0.2 10.7 ± 0.1 
75 7.3 ± 0.6 33.1 ± 5.4 3.1 ± 1.9 30.1 ± 0.4 
125 5.3 ± 0.1 6.6 ± 2.1 7.9 ± 0.8 13.8 ± 0.4 
180 8.0 ± 1.3 9.1 ± 4.8 21.2 ± 4.1 11.6 ± 0.4 
250 6.1 ± 0 7.4 ± 1.2 6.9± 0.2 8.3 ± 0.1 
500 6.9 ± 3.7 6.2 ± 3.6 3.2 ± 0.4 6.6 ± 0.5 
710 3.5 ± 2.4 7.1 ± 0.4 4.2 ± 0.5 9.0 ± 0.5 
1000 31.0 ± 1.9 6.7 ± 0.8 23.2 ± 1.9 9.5 ± 0.5 
2800 28.4 ± 1.2 0.4 ± 0.1 28.8 ± 0.1 0.3 ± 0.1 
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Figure 4.11: Particle size distribution of minced Edgells and Mydibel peas determined using the wet 
sieving method 
 
 
Figure 4.12: Particle size distribution of pureed Edgells and Mydibel peas determined using the wet 
sieving method 
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4.3.2.2 Serum content 
Table 4.9 shows the amount of serum released from both varieties of peas after centrifugation.  Both 
minced and pureed Edgells peas had significantly higher (p<0.001) serum content than Mydibel 
peas.  This could be due to two reasons. Firstly, Edgells peas had about 4% higher total moisture 
content than Mydibel peas (Table 4.7) which is equivalent to 10% added water. This additional 
water could have potentially been released during centrifugation. Secondly, the lower total moisture 
content of Mydibel peas may have affected the degree to which cellular structure broke down 
during comminution, which would affect the amount of serum released in the pea matrix. The 
difference in the total moisture content between the two varieties of peas was observed during 
processing. Mydibel peas had a firmer cooked texture than Edgells peas, when whole, cooked peas 
were squeezed between the thumb and the fore-finger. This difference in firmness between the peas 
could have affected the cellular structure breakdown, especially during mincing; however, there was 
no significant difference in the particle size distribution between the two varieties (Table 4.8). 
Therefore the difference in the serum content is most probably due to the differences in the total 
moisture content between the varieties. We propose that comminution of Edgells peas produced 
“softer” particles than Mydibel peas.  Softer particles pack to higher phase volumes, as they deform 
and compress under the compressive forces present during centrifugation, which forces water out of 
the particle structure and from the interstitial spaces between particles. As a consequence, the wet 
solids fraction for comminuted Edgells peas was lower than for the Mydibel peas as shown in Table 
4.9.   
Table 4.9 also shows that as the particle size was reduced by the pureeing process, the amount of 
serum released from both varieties of peas significantly decreased (p=0.05 for Edgells and p=0.001 
for Mydibel), similar to the observations in Table 4.4. As mentioned in Section 4.3.2, although 
more of the serum is expected to be released into the pea matrix by the pureeing process, the serum 
content decreased with reduction in particle size. This again suggests that in pureed peas, some of 
the serum bound within the structure is not released during centrifugation.   
Table 4.9: Serum content of minced and pureed Edgells and Mydibel peas 
Pea Variety Serum Content*(%)   Wet Solid Fraction*(φw) 
 
Minced Pureed Minced Pureed 
Edgells 28.8 ± 1.7 24.7 ± 0.2 0.71 ± 0.02 0.75 ± 0.01 
Mydibel 16.9 ± 1.3 14.5 ± 0.3 0.83 ± 0.01 0.85 ± 0.01 
*see Table A4.1 in the Appendix for significant differences 
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4.3.2.3 Rheological behaviour 
The rheology data in Figure 4.13 shows the G´ values for both Mydibel and Edgells, minced peas 
was higher than their pureed counterparts. This finding is the same as that observed in Figure 4.10. 
The G´ value for minced and pureed Mydibel peas was significantly higher than minced and pureed 
Edgells peas (see Table A4.1 in the Appendix for significant differences). An interesting 
observation in this instance is that the G´ value for pureed Mydibel peas is even higher minced 
Edgells peas. Given the particle size distributions between the two varieties of peas were similar; 
these differences are likely to originate from the lower total moisture content of cooked and 
comminuted Mydibel peas. Therefore, the total moisture content of minced and pureed Mydibel 
peas was increased to 74%, by adding 10 wt% of water, to achieve the same total moisture content 
as Edgells peas (Table 4.7). The frequency sweep data for Edgells and Mydibel peas with the same 
total moisture content and similar particle size distribution is shown in Figure 4.14.  Addition of 
water to minced and pureed Mydibel peas reduced the G´ values compared to the original, 70% 
total moisture content Mydibel peas. However, the G´ values of minced and pureed Mydibel were 
still higher than Edgells peas. Interestingly, the G´ of pureed Mydibel peas was now identical to 
minced Edgells peas, despite minced peas having a significantly higher percentage of particles 
>1 mm. The extra water added to minced and pureed Mydibel peas to increase the total moisture 
content is reflected in the higher G˝ value for Mydibel peas compared to Edgells. These results 
indicate that total moisture content impacts on both elastic and viscous modulus; however in this 
instance particle deformability or hardness may have also impacted on the viscoelastic behaviour.   
 
Figure 4.13: Elastic (G´) and viscous (G˝ ) modulus of minced and pureed Edgells and Mydibel 
peas with total moisture content of 74% and 70% respectively. Filled symbols represent G´ values 
and open symbols represent G˝ values 
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Figure 4.14: Elastic (G´) and viscous (G˝) modulus of minced and pureed Edgells and Mydibel peas 
with the same total moisture content of 74%. Filled symbols represent G´ values and open symbols 
represent G˝ values 
 
The yield stress data in Table 4.10 shows that despite the variety, minced peas yielded at 
significantly higher stresses compared to pureed peas. This finding is again similar to that observed 
in Section 4.3.2. However, both minced and pureed Mydibel peas had significantly higher (p<0.05) 
G´ than Edgells peas. Even when the total moisture of Mydibel peas was increased to 74%, to 
match that of Edgells peas, the yield stress value for minced (2970 Pa) and pureed (1500 Pa) 
Mydibel peas was higher than minced and pureed Edgells peas as shown in Table 4.10. The yield 
stress data is in agreement with the frequency sweep data where minced and pureed Mydibel peas, 
adjusted to the total moisture content of 74%, still had higher elastic modulus than minced and 
pureed Edgells peas.  
Table 4.10: Yield stress values for minced and pureed Edgells and Mydibel peas at shear rate of 
0.1 s
-1
 
Pea Variety Yield Stress*(Pa) at 0.1 s
-1
 
 
Minced Pureed 
Edgells    1980 ± 120 1190 ± 10 
Mydibel  3770 ± 90 2240 ± 8 
*see Table A4.1 in the Appendix for significant differences 
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Yield stress is also affected by phase volume (i.e. the fraction of volume occupied by dispersed 
phase in a suspension) and it increases with increasing volume fraction (Luckham & Ukeje 1999) as 
long as the particle size distribution remains the same. Comparing the two varieties and brands of 
peas processed using the same method has shown that although the particle size distribution for 
minced and pureed Edgells and Mydibel peas were similar, the serum content, elastic and viscous 
moduli and the yielding behaviour were all different. The wet solid fraction for minced Mydibel 
peas was 0.83 compared to 0.71 for minced Edgells peas. Similarly for pureed peas the wet solid 
fraction for Mydibel and Edgells peas were 0.85 and 0.75 respectively. These differences in the wet 
solid fraction are believed to be due to the differences in the total moisture content, which had an 
impact on the serum content and firmness of the peas. Mydibel peas were less deformable and 
comparatively Edgells peas were more deformable hence Mydibel peas had a higher wet solid 
fraction. These results show that wet solid fraction can be an indicator of the firmness of the 
particle. Firmness of the particles affects the packing of the particles and hence their rheological 
properties. 
 
4.4 Discussion 
4.4.1 Effect of processing and variety of peas on microstructure and rheology 
The method of processing and the variety of peas both had an impact on the particle size 
distribution, serum content and rheological behaviour of comminuted peas. Comminution methods 
of mincing, pureeing and freeze-fracturing all produced wide particle size distributions. Particle size 
and distribution affect how the various particles in these complex system pack and hence how they 
flow. Materials with wider particle size distribution tend to pack better as the smaller particles are 
able to fill the voids between large particles (Barnes, Hutton & Walters 1989; Servais, Jones & 
Roberts 2002). Metzner (1985) suggested that large increase in maximum packing fractions could 
be achieved if the size ratio between particles was above 7 i.e. the larger particles were seven times 
larger than smaller particles. The particle size distribution in Table 4.1 and Table 4.8 show that the 
particle size of comminuted peas ranged from >2800 µm to <75 µm, therefore the size ratio for all 
comminuted peas was at least 40, considerably greater than 7. When comparing minced and pureed 
peas, and large- and small-fractured peas, minced and large-fractured peas, with higher percentage 
of particles greater than 1 mm in size, had a wider particle size distribution, which meant that they 
packed better than pureed and small-fractured peas. The more efficient packing of minced and 
large-fractured peas is reflected in the lower wet solid fraction and higher serum content for these 
peas as shown in Table 4.4 and Table 4.9 as opposed to their pureed and small-fractured 
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counterparts. The process of pureeing and small-fracturing breaks down the cellular structure 
significantly more compared to mincing and large-fracturing and hence it would be expected that 
more serum would be released from these peas However, the amount of serum released during 
centrifugation from pureed and small-fractured peas was significantly lower than from minced and 
large-fractured peas. Due to comparatively narrower size distribution of pureed and small-fractured 
peas, it is suggested that the particles were unable to pack as efficiently and that some of the serum 
was bound in the structure by being trapped in the interstitial voids between the particles. This 
would explain the lower serum content and higher wet solid fraction for pureed and small-fractured 
peas compared to minced and large-fractured peas. Similar observations are reported by Hemar et 
al. (2011) where carrot particle dispersions with larger particles (wider particle size distributions) 
had a lower effective phase volume compared to carrots particle dispersions with single cells 
(narrower particle size distributions), indicating more efficient packing by carrot particles with 
wider size distributions. 
The serum content was determined by centrifuging all comminuted peas at 11,000 rpm for 30 
minutes at 25°C. The process of centrifugation compresses the particles to pack as efficiently as 
possible, resulting in a liquid (serum) and a solid component (pea particles) phase. The serum 
content composed of water and dissolved solids (protein, starch and soluble fibre) whereas the solid 
component was mainly pea particles and some serum trapped in the compacted structure. Packing 
of the particles is affected by the particle size distribution, as well as the firmness of the particles 
i.e. how much the particles are able to deform during centrifugation under applied compressive 
pressure. As the speed and time of centrifugation was the same for all samples, it is possible to get 
an indication of the firmness of the particles from the wet solid fraction. Lopez-Sanchez et al. 
(2012) found that at the same centrifugation speed, broccoli suspension resulted in a significantly 
higher apparent sediment phase volume compared to carrot and tomato suspensions, due to the 
more rigid clusters of broccoli particles. In this research, minced and pureed Mydibel peas had the 
highest wet solid fraction (Table 4.9), followed by minced and pureed Edgells peas, with large- and 
small-fractured peas having the lowest wet solid fraction (Table 4.4). As large- and small-fractured 
peas were frozen prior to fracturing, the formation of ice crystals within the peas would have 
ruptured the cells walls, reducing their turgidity and hence making them more deformable. 
Therefore based on the wet solid fraction data, it is reasonable to assume that Mydibel pea particles 
were much firmer than minced and pureed Edgells peas, and that the freeze-fractured Edgells pea 
particles were most deformable (or the softest).  
In this research the firmness of individual particles of peas was not measured as measuring the 
firmness of clusters and broken pieces of pea particles was practically not possible. The technique 
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of atomic force microscopy (AFM) has been used to measure the modulus of individual soft 
particles such as microgels (van der Vaart et al. 2013). This technique could have been applied to 
measure the modulus of individual pea cells, however individual pea cells is only one of the type of 
particles that comprises a small proportion of the microstructure of comminuted peas. Clusters or 
aggregates of pea cells are the main components of comminuted peas and the firmness of these 
individual particles could not be measured using AFM due to the size of these clusters i.e. 
approximately 250 µm to 5 mm. Therefore, in this instance wet solid fraction was used as the 
indicator of particle modulus. 
The rheology of all comminuted peas was affected particle size distribution and serum content. All 
comminuted pea samples had a predominantly solid-like behaviour. This is also a typical weak gel 
behaviour where G´ > G˝ at all frequencies. A general trend seen with the SAOS data for each set of 
minced and pureed, and large- and small-fractured was that the G´ value for peas with higher 
percentage of particles >1 mm in size (minced and large-fractured peas) was always higher than 
those dominated by smaller particles (pureed and small-fractured peas), at all frequencies, despite 
the variety of the peas. Minced and large-fractured peas with their wider particle size distributions 
pack better which gives rise to higher G´ values for these peas. In contrast, poor packing of pureed 
and small-fractured results in lower G´. Similar behaviour was seen by Day et al. (2010) and Lopez-
Sanchez et al. (2011), with carrot and broccoli suspensions, where reducing the particle size 
resulted in lowering the viscoelastic moduli. All comminuted peas were considered to be packed 
above random close packing. The elasticity of such densely packed systems is dependent on the 
elastic energy of deformation i.e. the ability of the particles to “deform in order to accommodate the 
imposed strain” (Lopez-Sanchez et al. 2012). Adams, Firth and Stokes (2004) found that above a 
critical phase volume, the elasticity of a suspension was dependent on the modulus of the particles. 
They also found the elastic modulus of rigid spheres to be two orders of magnitude higher than 
softer spheres indicating that firmer particles tend to generate a higher elastic response. Therefore, 
particle firmness also impacts on the G´ of densely packed soft particle suspensions. Figure 4.13 
shows that despite having similar particle size distributions, the elastic modulus of Mydibel peas 
with firmer particles was significantly higher for both minced and pureed peas. These results 
highlight that particle firmness had a significant impact on the rheology of such systems.  
Apart from particle firmness, G´ was also affected by the serum content. In general, peas with 
higher serum content had lower G´ value. Table 4.9 shows that minced and pureed Mydibel peas 
had lower serum content compared to minced and pureed Edgells peas, which could also be a 
reason for higher G´ values for Mydibel peas. These results indicate that G´ values are dependent on 
the particle size and distribution, particle firmness (or deformability) and the amount of serum in the 
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structure (phase volume). The loss modulus, G˝ on the other hand seems to be mainly impacted by 
the serum content i.e. higher serum content resulted in higher dissipated energy. 
The yield stress data had a similar trend to G´ data, where the minced and large fractured peas had 
higher yield stress than their pureed and small-fractured counterparts. These results indicate that G´ 
and yield stress are related, although G´ is measured in the linear viscoelastic region (small 
deformation) whereas yield stress is determined by the point at which the underlying network 
structure (large deformations) breaks down. 
The two possible reasons why pureed and small-fractured peas have lower yield stress values 
compared to minced and large-fractured peas are the serum content and the percentage of small 
particles. As explained earlier, due to the poor packing of pureed and small-fractured peas 
compared to minced and large-fractured peas, some of the serum is trapped in the voids between 
particles. It is plausible that this serum acts as a lubricant which enables the particles to slide past 
each other or change their structural conformation at lower applied stresses. This is reflected in the 
lower yield stress values for pureed and small-fractured peas compared the minced and large-
fractured peas with larger particle sizes. Pureed and small-fractured peas also have a higher 
percentage of particles less than 75 µm in size compared to minced and large-fractured peas. During 
applied shear, these small particles can also act as “lubricants” for the flow of larger  particles (Do 
et al. 2007). Their lubricating effect is presumed to be due to the rotation of the small particles 
between large particles (Servais, Jones & Roberts 2002), which aids with the flow of large particles. 
Therefore the lower yield stress values for pureed and small-fractured peas could also be due to the 
lubricating effect of the smaller particles (75 µm) during the applied shear. The yield stress of all 
pureed and small-fractured peas investigated in this research were consistently and significantly 
lower than minced and large-fractured peas. This is probably due to the lubricating effect of both 
the serum trapped in the structure and a higher proportion of the smaller particles (75 µm). 
Although the lubricating effect of the particles smaller 75 µm cannot be quantified, the serum 
content was directly related to the yield stress for all the comminuted peas. Samples with higher 
serum content (Table 4.4) i.e. large- and small-fractured peas, had the lowest yield stress values 
(Table 4.6) whereas samples with the lowest serum content i.e. minced and pureed Mydibel peas 
had the highest yield stress values (Table 4.9 and Table 4.10). These results indicate that the serum 
content in the structure has a significant impact on both the elastic and yielding behaviour of 
comminuted peas. 
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4.4.2 Complexity in characterising texture modified foods to gain insights into their 
microstructure  
These results show the complexity of determining the rheological behaviour of texture modified 
peas, as a range of parameters such as method of preparation (chilled or frozen), method of 
processing (mincing, pureeing and freeze fracturing), particle size and distribution, serum content, 
wet solid fraction, elastic and viscous modulus and yield stress are all interrelated in a complex 
manner. For example changing the particle size distribution changes how the particles pack, which 
impacts on the effective phase volume fraction, elastic and viscous modulus and the yield stress 
values. There are aspects of the rheological behaviour observed with comminuted peas that can be 
extrapolated to other plant based materials such as particle firmness/softness, serum released, wide 
particle size distributions etc. However, the impact of processing techniques on the cell wall 
structure depends on the type of fruit or vegetable (Lopez-Sanchez et al. 2011; Redgwell, Curti & 
Gehin-Delval 2008). Research on tomato based products has shown that reducing the particle size 
using homogenisation increased the yield stress and viscosity of tomato paste (Bayod et al. 2007; 
Den Ouden & Van Vliet 1997). The process of homogenisation had a drastic effect on the physical 
structure of the tomato cells. Large deformable, smooth, round cells were broken down into a 
fibrous structure consisting of cells, cell wall fractions and polymers released from broken cells, 
which created a different network structure of interconnected fractal clusters. This particle-particle 
interaction, led to a structure in a jammed state which increased the yield stress value of 
homogenised tomato cell dispersion. In comminuted peas, reducing the particle size reduced the 
yield stress values. This is because the process of mincing, pureeing and freeze-fracturing did not 
change the cellular structure at individual cell level i.e. majority of pea cells were still intact, unlike 
the process of homogenisation in the tomato cell dispersion. Hence the network structure of the pea 
matrix did not change whether the peas were comminuted into smaller (pureed or small-fractured) 
or larger (minced or large-fractured) particles. 
Large deformation tests such yield stress measurements tend to reveal valuable insights into the 
network structure of such complex systems. For example, whilst SAOS test (i.e. in the undisturbed 
state) showed that the G´ for minced and large-fractured peas were identical (Figure 4.10), large 
deformation, yield stress test revealed that the critical stress at which they started to flow were 
different (Table 4.4). During oral processing, food undergoes large deformations hence it is critical 
to characterise these systems rheologically using large deformation techniques as well. Small 
deformation test give insights into the bulk properties of the foods, whereas large deformation tests 
elucidate their behaviour during applied shear, as would be experienced in the oral cavity. Both 
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these tests are necessary to gain insights into the underlying microstructure of these comminuted 
peas. 
4.4.3 Implications of these results on processing foods for dysphagia 
The results in this chapter show the impact of particle size reduction on rheology of texture 
modified foods. Controlling the texture through particle size distribution, by blending minced and 
pureed peas, could result in texture modified peas with higher total solids content and therefore 
higher nutritive value and lower yield stresses, which would be highly beneficial for dysphagia 
sufferers.  
Yield stress is an important parameter to measure and understand, especially in texture modified 
foods (National Dysphagia Diet 2002). From an oral processing perspective, yield stress is a good 
indicator of the amount of force required to deform the bolus in the mouth in order to initiate flow 
(i.e. effort required to manipulate a mouthful of food such as comminuted peas) into a swallowable 
bolus. Shear rates in the mouth have been documented to vary from 10 to 1000 s
-1 
(Shama & 
Sherman 1973). Dysphagia patients with compromised oral function often have difficulty in 
generating sufficient stresses in the mouth to initiate flow of the bolus. Yield stress is also a 
determining factor in the plated appearance of texture modified foods by defining whether scoops of 
food maintain their shape on a plate or spread and blend into each other. Visual appeal of texture 
modified food has been linked to malnutrition in dysphagia population. It has been shown that 
moulding the texture modified food back to its original form (Figure 2.3) increases the consumption 
rates (Germain, Dufresne & Gray-Donald 2006) of such foods. Therefore, foods with low yield 
stresses while still maintaining the visual appeal should be considered in rational design of food for 
dysphagia.  
From a sensory perspective, the serum content has a significant impact on the sensory perception of 
such foods, as it acts as a lubricant for particles to slide past each other resulting in lowering the 
critical stress required to initiate the flow of these foods. From a dysphagia perspective, these foods 
would flow in the oral cavity at low applied stresses, which should make them easier to swallow. 
Currently texture modified foods are often prepared by mixing sauce, water or milk to minced and 
pureed foods in order to “soften” the food to make it easier to form a bolus for a safe swallow. This 
results in poor consistency of the food, as the “softness” perception of the food is dependent on the 
judgement of the person preparing the food on that day. Also addition of fluids to soften the food 
dilutes the nutritive value of the food. Dysphagia patients often struggle to consume the required 
amount of food to maintain their daily nutritional requirements; therefore it is essential that the 
nutritive quality of the food that they do consume is as high as possible.   
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4.5 Concluding remarks 
Comminution of peas resulted in a “suspension” of multi-scale structures of particles of peas. The 
method of comminution did not impact on the particle morphology, but it had a significant impact 
on particle size distribution, depending on the level and method of comminution. Mincing and 
large-fracturing resulted in broader particle size distributions and a higher percentage of particles 
larger than 1 mm in size which led to more efficient packing of the particles. Better packing resulted 
in higher G´ and yield stress values. On the other hand, the process of pureeing and small-fracturing 
narrowed the particle size distributions and reduced the percentage of particles >1 mm in size. This 
comparatively narrower particle size distribution, led to poor packing with some of the serum being 
trapped in voids between particles. The smaller particles (<75 µm) and the serum trapped within the 
structure both had a lubricant effect, as pureed and small-fractured peas yielded at significantly 
lower stresses. Therefore, particle size distributions of blends of minced and pureed peas could be 
optimised such that peas with high solids content would flow at lower yield stresses. This will be 
investigated further in the next chapter. 
The variety of peas affected the firmness of comminuted pea particles. Mydibel peas had firmer 
particles which did not deform as much as softer particles of Edgells peas during centrifugation, 
resulting in lower serum content and higher wet solid fraction. As individual particle modulus could 
not be measured, wet solid fraction was a good indicator of the firmness of the particles. In densely 
packed systems like comminuted peas the firmness of the particles has a considerable effect on the 
elastic modulus of the system. When the particle size distributions were the same, Mydibel peas 
with firmer particles had significantly higher modulus compared softer particles of Edgells peas. 
This behaviour was also seen with yield stress data, where Mydibel peas again yielded at 
significantly higher stresses than Edgells peas.  
The amount of serum released was affected by the particle size distribution, firmness of the particles 
and the method of comminution. The freeze-fracturing process compromised the structural integrity 
of the pea cells and clusters, resulting in comparatively softer particles, which deformed more 
during centrifugation and released the highest amount of serum. The serum released affected the 
ratio of dispersed and continuous phase which had a direct effect on the G´ and yield stress. As the 
serum content increased both G´ and yield stress decreased. The effect of changing the serum 
content (liquid component) on the rheology of comminuted peas will be investigated further in the 
next chapter. The results from this chapter have highlighted the complex relationship between 
processing, structure and rheological behaviour of texture modified peas.  
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Comminution of normal food is a common practice in modifying textures for people suffering with 
dysphagia, mainly to reduce or eliminate the risk of choking. However, this process of size 
reduction creates a particulated soft solid with a complex microstructure, where the flow behaviour 
can be altered by changing the particle size distribution or method of comminution, by freezing the 
sample prior to comminution or by changing the variety of the peas. Hence, manufacturers such as 
RSL Care Queensland can optimise the particle size distributions of texture modified foods to 
improve their “flowability” instead to adding liquids, which tend to have poor nutritive value. The 
rheological properties of these foods impacts on the oral perception and processing of the food into 
a swallowable bolus i.e. ease of swallow. This understanding will give insights into the textural 
properties and microstructure of these foods and how these structures could be controlled to design 
suitable and attractive food for dysphagia patients.  
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CHAPTER 5 
 
5 Effect of Phase Volume on Microstructure and Rheology of 
Comminuted Peas 
 
 
5.1 Introduction 
The rheological behaviour of a suspension is dependent on the properties of the particles and the 
continuous phase in which these particles are dispersed. The dispersed phase causes hydrodynamic 
disturbances, which results in increasing the viscosity of the suspension. The increase in the 
viscosity is directly related to the particle volume fraction or phase volume. At low phase volumes, 
viscosity is directly related to phase volume and can be accurately predicted using Einstein equation 
(equation 2.12). However, beyond phase volume of 2 to 5%, these relationships become 
complicated by hydrodynamic interactions between neighbouring particles (Stokes 2012). As the 
concentration increases and the particles start packing densely together, the space available for 
particle motion decreases and the movement of the particle becomes confined within the cage 
formed by its nearest neighbours (van der Vaart et al. 2013). At this stage particle shape, size, size 
distribution, particle modulus and particle – particle interactions all influence the rheology of the 
suspension. At a critical concentration the viscosity approaches infinity and the suspension ceases to 
flow. The phase volume at which this behaviour is observed referred to as the maximum packing 
fraction ( m).  The maximum packing fraction can be determined by fitting the experimental data to 
Krieger Dougherty equation (equation 2.13). However, both the Einstein and Krieger Dougherty 
equations are based on spherical monodispersed hard particles. Particles of most plant based 
suspensions are anisotropic, deformable and with continuous size distribution; therefore 
determining the phase volume and maximum packing fraction of such systems is challenging and 
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still needs investigation. Farr and Groot (2009) model can be used to determined random close 
packing fraction ( rcp) of polydispersed hard spheres, if the volume (d4,3) and surface (d3,2) based 
diameters of the particles are known. Although plant based particles are anisotropic and deformable, 
 rcp determined from this model would be a good indicator for rheological behaviour for such 
complex systems.   
Comminuted peas can be considered as soft solids at rest, meaning that the particles are in a 
jammed or arrested state. This behaviour is often seen at high phase volumes close to random close 
packing. Liu and Nagel (2010) use the jamming phase diagram (Figure 5.1) of ideal spheres to 
illustrate that the onset of the “rigid” phase can occur due to change in temperature, density or 
applied stress and this varies from system to system. The particle jamming threshold  c or the 
critical density at which jamming occurs depends on different mechanical configurations which 
give stability to the structure. For monodispersed hard spheres the jamming threshold is close to the 
random close packing fraction of 0.64 whereas anisotropic particles can jam at much lower packing 
fractions (Marti et al. 2005). The solid-like behaviour at rest (zero applied stress) in soft solids like 
comminuted peas is probably due to (i) efficient packing due to wide size distribution of particles  
and (ii) the long and short range surface forces resulting in “connectiveness” amongst particles 
forming percolation, gelation or glass type network structures (Mewis & Wagner 2012) which can 
stabilise structural configurations at phase volumes below random close packing. Hence it is 
important to determine phase volume of suspensions as it impacts on underlying microstructure and 
flow behaviour. 
 
Figure 5.1: Jamming phase diagram – the effect of temperature, stress and density on the jammed 
and unjammed phases. Reproduced from Liu and Nagel (2010). 
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Phase volume can be affected by various parameters such as dilutions (increasing or decreasing the 
concentrations of the particle), particle size distribution (variations in the ratios of fine and coarse 
particles), particle modulus (the deformability of the particles), particle and surface asperities 
(aspect ratio and the roughness or smoothness of the surface of the particles) as well as the viscosity 
of the continuous phase (serum phase in comminuted peas). Particles composing comminuted peas 
have broad distributions, are deformable with surface asperities hence their phase volume would be 
impacted by all these parameters except for the viscosity of the serum phase. This is because in 
highly concentrated systems such as comminuted peas the rheological behaviour is dominated or 
controlled by the properties of the dispersed phase, and not the continuous phase (Lopez-Sanchez et 
al. 2011). Simulations by Farr and Groot (2009) on their model for polydispersed hard spheres also 
showed a weak dependence of dense random packing on fluid viscosity. 
Over the last 20 years many researchers have conducted rheological studies on plant food 
suspensions (Bayod et al. 2007; Day et al. 2010b; Den Ouden & Van Vliet 1997; Lopez-Sanchez et 
al. 2012). Most of these studies were based on concentrated suspensions; similar to soups, where the 
material was still flowing at rest. Texture modified foods, when served on plate with an ice-cream 
scoop needs to have a solid-like behaviour at rest for visual appeal i.e. scoops of food should not 
flow and mix into each other. However, once in the oral cavity, these foods must be able to flow 
easily with slight shearing (tongue-palate movement) and dilution with saliva. As mentioned earlier, 
the solid-like behaviour of comminuted peas arises from the jammed or arrested state of pea 
particles. They can be unjammed by increasing either the stress or temperature or by decreasing the 
particle density (Figure 5.1). During oral processing the comminuted pea structure can be 
unjammed by reducing the particle density by dilution with saliva, and by increasing the shear stress 
when comminuted peas sheared in the mouth during oral processing. Apart from the dilution, saliva 
also provides a lubricating film such that the comminuted pea bolus would slip from the oral 
surfaces and flow to be formed into a safe to swallow bolus. Therefore, it is important to investigate 
the underlying microstructure of comminuted peas which gives rise to the solid-like behaviour at 
rest and how changes in phase volume affects its microstructure and rheology. 
In this chapter the effect of dilution and changing the particle size distribution of comminuted peas 
on phase volume was investigated to elucidate how these changes impact on the underlying 
microstructure and flow behaviour. It is critical to understand the microstructure of such a complex 
system in order to modify and control it, such that these plant based particulate soft solids would 
breakdown in the oral cavity in a manner that it is perceived to be easy to swallow. 
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The aims of this chapter were to:  
- identify methods of determining phase volume of comminuted peas 
- determine the effect of changing particle size distribution on rheological behaviour by 
blending different proportions of minced and pureed peas together 
- investigate the impact of changing the ratios of dispersed and continuous phase (by dilution 
with water) on rheological behaviour of minced and pureed peas 
- develop insights into the microstructure of minced and pureed peas which results in different 
rheological behaviours  
  
5.2 Experimental 
In this chapter two experiments were conducted. In the initial experiment, Edgells peas were 
minced and pureed, and mixed together in different proportions to manipulate the particle 
distribution of peas as shown in Figure 5.2. The aim of this experiment was to determine the effect 
of particle size distribution on phase volume and rheology. Minced peas were mixed with pureed 
peas in increasing concentrations from 0% to 100% as shown in Table 5.1. Dynamic modulus and 
yield stress of varying proportions of minced and pureed peas was measured on the strain controlled 
ARES rheometer whereas the hardness and cohesiveness was measured using a texture analyser. 
 
Figure 5.2: Method of preparing comminuted peas with different particle size distributions 
 
Table 5.1: Proportion of minced and pureed peas used to modify partilce size distribution 
Minced Peas (%) Pureed Peas (%) 
0 100 
25 75 
50 50 
75 25 
100 0 
 
Edgells peas
cooked & chilled
Pureed peas
Mixed together in different 
proportions  (0 to 100%)
Minced peas
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In the second experiment, minced and pureed Mydibel peas were diluted by 10% to 50 wt% with 
water as shown in Figure 5.3. The aim of this experiment was to investigate the impact of changing 
the ratios of dispersed and continuous phase on the rheology of minced and pureed peas. Water was 
incorporated into the peas by gently mixing with a spoon to minimise structure breakdown and was 
rested for a minimum of 30 minutes. Samples were filled into the rheometer cup just prior to testing 
for dynamic modulus and yield stress. 
 
Figure 5.3: Method of systemic dilution of minced and pureed peas 
 
5.2.1 Materials 
Two brands of peas, Edgells and Mydibel, were used in this chapter. The peas were cooked and 
prepared into minced and pureed peas using the process of mincing and pureeing as described in 
Section 3.3.1 and Section 3.3.2.  
5.2.2 Experimental Methodology 
In this chapter, all the comminuted peas were characterised using various techniques described in 
Chapter 3 including: 
 Rheological measurements - elastic and viscous (G´ and G˝) moduli were measured at strain of 
0.1% and frequency of 10 rads/s and the yield stress was determined at shear rate of 0.1 s
-1
, 
using the vane-in-cup geometry (cup diameter – 34 mm, vane diameter – 12 mm and vane 
length – 25 mm) on the ARES rheometer.  The details of the measurements are described in 
Section 3.3.3. 
 Particle size distribution was determined using the wet-sieving and Mastersizer method as 
described in Section 3.3.4 and Section 3.3.5. 
 Textural properties for the peas was determined using the texture profile analysis (TPA) test 
method as described in Section 3.3.6. 
 Serum content was determined using the centrifugation method as detailed in Section 3.3.8. The 
wet solid fraction was calculated by subtracting the serum content from 100. 
 Moisture content of comminuted peas was measured using the vacuum drying method as 
described in Section 3.3.7. 
Mydibel peas
cooked & chilled
Pureed peas
Diluted with 10 to 50 wt% 
of water
Minced peas
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 Light and Confocal microscopy was used to determine the microstructure of the peas as 
described in Section 3.3.9 and 3.3.10. 
 
5.3 Results and Discussion  
5.3.1 Methods of determining phase volume 
The Einstein, Krieger Dougherty and Farr and Groot models are all based on the assumption that 
the particles are hard spheres. However, plant based suspensions have continuous particle size 
distributions and varying morphology, hence application of these models to plant suspensions 
(Bayod et al. 2007; Lopez-Sanchez 2011) or particulated soft solid such as comminuted peas is 
neither simple nor straightforward. Comminuted peas consists of large and small skin particles, 
cells aggregates, single pea particles as well as fractured cells and starch granules released from 
these cells; a depiction of these structures is shown in Figure 4.4 and Figure 4.8. The heterogeneous 
nature of the structures present makes it complex in terms of using these models to determine phase 
volume by diluting to concentration ranges where they may be deemed valid. Measuring phase 
volume of soft particles is very challenging, hence literature on complex systems such as plant 
based suspensions tend to use concentration based on, dry weight fraction of total solids (Adams, 
Frith & Stokes 2004; Bayod et al. 2007; Lopez-Sanchez et al. 2012) instead of phase volume to 
explain the rheological behaviour.   
Some researchers have used centrifugation of plant based suspensions to determine an effective 
phase volume (Bayod 2008; Hemar et al. 2011; Lopez-Sanchez et al. 2011). A known volume of 
suspension is centrifuged and the effective phase volume is defined by the volume of the dispersed 
phase divided by the total volume. However, the problem with the effective volume fraction being 
defined in this way is that it depends on the centrifugal force used and the length of time for 
centrifugation. This is because centrifugation causes deformation, orientation and compaction of 
plant cells and particles as well as extraction of inter-cellular fluids which can affect the amount of 
serum phase that is extracted. Although “effective” phase volume of plant based dispersions is not a 
parameter that necessarily defines the rheology of the system, it is a good indicator of particle 
modulus and a crude method for rheological measurements (Lopez-Sanchez et al. 2012). This 
approach is therefore not used to define effective phase volume, but is used to define a parameter 
that is referred to here as the “wet solid fraction” φw of comminuted peas. φw was calculated based 
on the initial weight of the peas and the weight of the resulting pea particle fraction (pellet) after 
centrifugation. The methodology for centrifugation was kept constant throughout the research 
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(11,000 rpm at 25°C for 30 minutes) to ensure that the φw data from various trials could be 
compared. 
Table 5.2 summarises the modulus, yield stress, and wet solid fraction data on minced and pureed 
Edgells and Mydibel peas as well as large- and small-fractured Edgells peas, discussed previously 
in Chapter 4. The φrcp was determined using Farr and Groot’s model for polydispersed hard spheres 
(Farr & Groot 2009). Although pea particles are deformable, anisotropic and have continuous size 
distributions, Farr and Groot’s model was still used to determine φrcp for comminuted peas, as this 
was the best model available to determine φrcp from particle size distributions alone. The median 
particle diameter (d0.5) data from Mastersizer (Table 4.3) and the fraction of particles on each sieve 
(Table 4.1) was used in the simulation program obtained from the author of Farr and Groot’s model 
to determine the φrcp for these comminuted peas. As all the pea particles are deformable, particle 
firmness described in Table 5.2 refers to the degree to which they deform, based on their wet solid 
fraction. The elastic modulus was determined from frequency sweep data at 10 rad/s and the yield 
stress was determined at a shear rate of 0.1 s
-1
. 
Table 5.2: Summary of particle firmness, elastic modulus, yield stress, wet solid fraction and 
random close packing fraction for minced, pureed and fractured peas from Chapter 4 
Comminuted  Peas Particle   
Firmness                    
Elastic 
Modulus (Pa) 
at 10 rad/s 
Yield 
Stress              
(Pa) 
Wet Solid 
Fraction     
φw                    
Random 
Close* 
Packing  
Fraction φrcp               
Mydibel Minced High 42300 ± 1000 3770 ± 90 0.83 ± 0.01 0.82 
Mydibel Pureed  36200 ± 1700 2240 ± 8 0.85 ± 0.01 0.76 
Edgells Minced Medium  24800 ± 1000 1980 ± 120 0.71 ± 0.02 0.87 
Edgells Pureed  15200 ± 500 1190 ± 10 0.75 ± 0.01 0.76 
Edgells Large-fractured Low 23000 ± 300 940 ± 20 0.63 ± 0.01 0.87 
Edgells Small-fractured  18200 ± 200 770 ± 30 0.64 ± 0.01 0.79 
* determined from Farr and Groot’s model 
 
A general observation from Table 5.2 is that despite the brand of peas, minced and large-fractured 
had higher elastic modulus, yield stress, φrcp and lower φw compared to pureed and small-fractured 
peas. Due to the solid-like structure at rest for all the comminuted peas in Table 5.2, it was assumed 
that the phase volume of all the peas was at or above φrcp. In each set of minced and pureed peas or 
large- and small-fractured peas in Table 5.2, the φrcp for comminuted peas with higher proportions 
of particles greater than 1 mm (minced and large-fractured) was higher than pureed and small-
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fractured peas. This is due to the wider particle size distributions for minced and large-fractured 
peas compared to pureed and small-fractured peas (Table 4.2). As discussed in Chapter 4, wider 
distributions lead to more efficient packing and this is reflected in the higher φrcp for minced and 
large-fractured peas. At φrcp particles are in a closed packed state and are no longer able to easily 
slide past each other during applied shear, requiring additional force to initiate “flow”, which is 
reflected in the higher elastic modulus and yield stress values for minced and large-fractured peas 
compared to pureed and small-fractured peas. Good agreement between φrcp and the rheological data 
indicates that Farr and Groot’s model is a good model for initial approximation of φrcp for complex, 
particulated solids systems like comminuted peas. However, φrcp only determines the fraction at 
which these system become close packed and gives no indication of how much above φrcp are each 
of these systems packed. It is assumed that due to the deformability of pea particles each of the 
comminuted peas are packed above φrcp. 
The φw on the other hand shows an opposite effect to φrcp in that for each set of comminuted peas in 
Table 5.2, pureed and small-fractured peas have a higher φw compared to minced and large-
fractured peas. The φrcp data supports the discussion in Chapter 4, that less efficient packing of 
pureed and small-fractured peas with their narrower size distributions was responsible for higher φw 
for these peas. Due to the poor packing for pureed and small-fractured peas some of the serum 
could be trapped in the voids between the particles, increasing the percentage of the wet solid 
fraction. Better packing of minced and large-fractured peas means that more of the interstitial fluid 
(serum) was squeezed out of the pea structure during centrifugation resulting in lower φw.  
The deformability of the particles has an impact on the packing of the particles as the phase 
volumes approach φrcp. In this instance φrcp was determined with the assumption that the pea 
particles were hard spheres and hence the volume occupied by the particles was conserved. 
However, that is not the case with deformable particles, as they are able to pack well above φrcp. As 
mentioned in Chapter 4, Mydibel peas had a firmer texture compared to Edgells peas, so the pea 
particles from Mydibel peas were assumed to be harder whereas small- and large-fractured Edgells 
peas were assumed to be softer due to the freezing of the peas prior to fracturing. Therefore if the 
data in Table 5.2 is evaluated in terms of the deformability of the particles based on their firmness 
then Mydibel peas would be considered to have hard particles, Edgells minced and pureed peas 
having medium hardness particles and Edgells freeze-fractured peas as having soft particles.  
The deformability of comminuted pea particles has an impact on the φw. During centrifugation, 
softer particles are able to compress and deform more than harder particles, resulting in a lower φw 
compared to harder particles. For the same variety of peas, Edgells large- and small-fractured peas 
with softer particles led to a lower φw whereas minced and pureed peas with comparatively harder 
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particles had higher φw. For the same comminution method, Edgells peas had lower φw as they had 
softer particles compared to Mydibel peas (Table 5.2). Lopez-Sanchez et al. (2012) found that 
stiffer and rougher particles of broccoli required higher compressive forces compared to soft and 
smooth cells of tomatoes, to compress the sample to the same volume. In this research the 
centrifugal force and time for centrifugation was kept constant for all samples. Therefore the higher 
φw indicates that compressive forces from the centrifugation process are not high enough for harder 
particles to deform and pack as tightly as softer particles. Data in Table 5.2 shows that as the pea 
particles became “softer” the φw decreased. Although the hardness of the pea particles was only 
determined subjectively, as indicated in Chapter 4, it relates well with the measured φw. Therefore 
φw is a good indicator of particle modulus. 
Figure 4.12 in Chapter 4 showed that pureed Mydibel and Edgells peas had similar particle size 
distribution, which resulted in the same φrcp of 0.76 (Table 5.2) for these peas. Despite the same 
φrcp, the yield stress value and the elastic modulus of pureed Mydibel peas was significantly higher 
than pureed Edgells peas.  This difference in the yield stress and elastic modulus possibly arises 
from the firmness of the particles following comminution as well as the differences in their φw. 
Firmness of the particles and φw are interrelated as φw is also dependent on the deformability of the 
particles. Pureed Mydibel and Edgells peas had a φw of 0.85 and 0.71 respectively, indicating that 
Edgells peas had a higher proportion of serum phase compared to Mydibel peas. When these pureed 
peas were sheared at a constant rate of 0.1 s
-1
, the softer particles of Edgells peas and with higher 
serum content were able to “flow” and yield  at significantly lower stresses (1190 Pa) than harder 
particles of Mydibel peas (2240 Pa). Similarly, minced and large-fractured Edgells peas had the 
same φrcp fraction of 0.87 (Table 5.2) however, large-fractured peas with softer particles and higher 
serum content, had a lower yield stress and elastic modulus compared to minced peas. As φw and 
particle firmness are interrelated, based on the results it is not possible to determine which of the 
factors had the most impact on the rheology of these peas.  However, research has shown that for 
hard spheres, there is sharp increase in the elastic modulus past φrcp reaching a high-shear plateau. 
This sharp increase in the elastic modulus is due to the confinement of the particles and their 
inability to rearrange their conformation under applied stress. However, for soft, deformable 
spheres, such as microgels they are able to deform and show a continued power law shear thinning 
behaviour (Adams, Frith & Stokes 2004) during applied stress. 
Although pea particles had a continuous particle size distribution, varying morphology and particle 
firmness, the random close packing fraction obtained from Farr and Groot’s model was able to 
confirm that minced and large-fractured peas with wider size distribution had higher φrcp, which 
indicated that they packed more efficiently compared to pureed and small-fractured peas. This was 
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confirmed by the φw where minced and large-fractured peas had lower φw compared to pureed and 
small-fractured peas. Phase volume of comminuted peas was affected by particle size distribution, 
particle morphology and particle firmness or deformability. This impacted on both the moduli and 
yield stress values of comminuted peas.  
5.3.2 Effect of changing phase volume by changing PSD 
The particle size distribution of comminuted peas was altered by mixing different proportions of 
minced and pureed Edgells peas together. The total moisture content (determined using the vacuum 
drying method) of minced and pureed peas was 74.6 ± 0.1% as the pureed peas were prepared from 
the minced peas. Therefore the total moisture content of each of the combination of minced and 
pureed peas was identical (74.6 % total moisture content or 25.4% dry solids content). The particle 
size distribution for different ratios minced and pureed was not characterised using wet sieving, but 
was mathematically calculated based on the sieve fractions from minced and pureed peas (Table 
4.1). This data, together with the median particle diameter (d0.5) was then used in the Farr and Groot 
simulations model (simulation program was obtained from the author – Robert Farr) to generate the 
random packing fraction for each of the ratios. 
Table 5.3 shows that even though the total moisture content was identical, changing the particle size 
distribution impacted on the amount of serum released from the pea matrix (wet solid fraction) and 
the random close packing fraction as determined using the Farr and Groot model. As the particle 
size distribution changed from being dominated by smaller particles (<1 mm) in 100% pureed 
sample to larger particles (>1 mm) in 100% minced sample (Figure 4.4), the wet solid fraction 
decreased (the amount of serum released from the pea matrix increased) and the random close 
packing fraction increased. As minced peas, with the wider size distributions pack more efficiently 
(higher φrcp) more of the interstitial fluid (serum) was squeezed out of the structure during 
centrifugation resulting a lower wet solid content. Conversely due to narrower size distributions of 
pureed peas, they packed poorly and some of the serum was trapped in the voids between particles 
resulting in increasing φw in samples with higher percentage of pureed peas.  
As mentioned earlier the dry solids content in each of the samples was the same. However changing 
the particle size distribution by changing the ratios of minced and pureed peas impacted on the 
packing of the particles and hence the φrcp. As the percentage of minced peas was increased from 
0% to 100%, in 25% increments, the random close packing fraction increased accordingly, as can 
be seen from Table 5.3.  
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Table 5.3: Wet solid fraction and random close packing fraction with increasing percentage of 
minced Edgells peas 
Minced:Pureed 
(%) 
Wet Solid 
Fraction (φw) 
Random Close 
Packing*  (φrcp) 
0 : 100 0.753 ± 0.002 0.76 
25 : 75 0.747 ± 0.004 0.79 
50 : 50 0.726 ± 0.002 0.82 
75 : 25 0.715 ±  0.004 0.85 
100 : 0 0.712 ± 0.017 0.87 
*Random close packing fraction calculated using Farr and Groot (2009) model 
  
This is because minced peas have wider particle size distributions (Table 4.1 and Figure 4.5) and 
addition of minced peas to pureed peas broadened the size distributions of pureed peas. As particles 
with wider size distributions pack more efficiently, the φrcp increased with increasing addition of 
minced peas to pureed peas. Similar observations were seen by Do et al. (2007), where increasing 
percentage of coarse sugar crystals to a chocolate matrix increased the phase volume, as widening 
the size distributions resulted in better packing.  
Increasing the packing fraction by increasing the percentage of minced peas impacted on the 
rheological behaviour of the peas by increasing the elastic modulus, yield stress and hardness and 
decreasing the cohesiveness (measured using a texture analyser) as shown in Table 5.4 and Figure 
5.4. The elastic modulus and the yield stress increased with increasing percentage of minced peas. 
As the particles became more tightly packed and the particle-particle interactions increased, the 
particles are unable to slide past each other easily therefore small differences in particle size can 
have an appreciable impact on the relative movement of the particles during flow (Metzner 1985). 
The elastic modulus and yield stress measurements showed an identical trend, despite the fact that 
the elastic modulus was measured using small deformation test (no breakdown of structure) and the 
yield stress was measured using a large deformation test (breakdown of structural network), but at a 
low shear rate of 0.1 s
-1
. 
The hardness and cohesiveness of comminuted peas was measured using a large deformation, 
texture profile analysis test. Figure 5.4 shows that increasing the packing fraction by increasing the 
percentage of minced peas resulted in an exponential (slightly) increase in the hardness values of 
the peas. This indicates that as the percentage of minced particle was increased the pea matrix 
became more solid-like and hence additional force was required to deform the sample. This 
observation is also supported by the elastic modulus and yield stress data. The cohesiveness data  
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Table 5.4: Effect of increasing the percentage of Edgells minced peas on the rheological behaviour 
Minced:Pureed 
(%) 
Elastic Modulus    
(Pa) 
Yield Stress              
(Pa) 
Hardness     
(N) 
Cohesiveness   
( - ) 
0 : 100 15200 1190 ± 10 8.1 ± 0.1 0.72 ± 0.04 
25 : 75 17800 1280 ± 110 9.2 ± 0.2 0.67 ± 0.07 
50 : 50 19600 1520 ± 60 9.8 ± 0.3 0.43 ± 0.06 
75 : 25 21500 1990 ± 190 10.9 ± 0.2 0.55 ± 0.06 
100 : 0 24900 1980 ± 120 13.3 ± 0.2 0.34 ± 0.07 
 
  
  
  
  
Figure 5.4: Effect of increasing the proportion of minced peas in a mixture of minced and pureed 
Edgells peas, on elastic modulus, yield stress, hardness and cohesiveness. 0% minced peas = 100% 
pureed peas and 100% minced peas = no pureed peas 
 
calculated from the TPA test shows that addition of minced peas (large particles) decreased the 
cohesiveness of the peas. In mixtures of particles, smaller/fine particles have been shown to connect 
particles together to form a network (Coussot & Piau 1995). This network forming or cohesive 
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ability of small particles has been used to add structure and texture of plant based materials (Foster 
2011; Lopez-Sanchez et al. 2011). Therefore the decrease in cohesiveness with addition of large 
particles (minced peas) is due to the large particles breaking down of the cohesive network created 
by small particles. 
The results thus indicate that random close packing fraction of comminuted peas can be altered by 
changing the particle size distribution. Increasing the percentage of minced peas in the pea matrix 
increased the packing fraction, resulting in increased elastic modulus, yield stress and hardness. 
5.3.3 Effect of changing phase volume by dilution 
Minced and pureed Mydibel peas were diluted with water (10 – 50 wt%) and characterised 
rheologically to determine the effect of dilution on the elastic and viscous modulus as well as on the 
yield stress.  The minced and pureed peas used for the dilution study had an average moisture 
content of 67.9%. 
Figure 5.5 shows the impact of increasing the total moisture content of minced and pureed peas on 
the yielding behaviour. Small increments in total moisture content had a dramatic effect on structure 
of the peas (Figure 5.6) and hence the flow behaviour. Addition of water to minced and pureed peas 
decreased the yield stress exponentially indicating that the strong particle – particle interaction at 
high concentrations was significantly reduced by dilution. This observation also indicates the 
microstructure of the minced and pureed peas was most probably based on physical interactions and 
not any dissolved solids (e.g. pectin) in the serum phase. In the diluted state the particles were easily 
able to rearrange their configuration at much lower applied stresses resulting in lower yield stress 
values. From an oral processing and swallowing perspective, food is diluted in the mouth with 
saliva until the viscosity and the particle size of the bolus reaches a critical point, where the bolus is 
deemed to be ready to swallow. In this research, 7.5 g of minced and pureed peas were processed 
orally (by the author only) and spat out (expectorated sample). The total moisture content of the 
expectorated bolus was approximately 78% compared to the original moisture content of 75% for 
both minced and pureed peas.  If this result at 78% total moisture content is compared to the 
dilution data in Figure 5.5 it can be seen that the dilution with saliva reduce the yield stress of 
minced and pureed peas from approximately 2000 Pa and 1200 Pa respectively to approximately 
500 Pa.  
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Figure 5.5: Effect of increasing the total moisture content of minced and pureed Mydibel peas on 
the apparent yield stress. The dotted line at 75% represents the moisture content of the original pea 
sample and that at 78% represents the moisture content of the expectorated sample 
 
The expectorated sample data from the author is only used to demonstrate the impact of 
incorporating saliva (dilution) on the yield stress of comminuted peas. During oral processing, 
comminuted peas would be diluted with saliva, and swallowed at a yield stress value somewhere 
along the dashed lines in Figure 5.5. This is because the saliva production rates in individuals have 
been reported to differ from 0.38 to 2.58 ml/min depending on whether the saliva production was 
unstimulated or simulated by chewing on a parafilm (Drago et al. 2011).  In this study water was 
used to dilute the samples and not saliva, to eliminate any effects of salivary enzymes on 
rheological behaviour of comminuted peas 
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Figure 5.6: Changes in the structure of minced (top) and pureed (bottom) Mydibel peas as the total 
moisture content is increased from 75 to 83% 
 
The dilution studies were conducted for two reasons. Firstly, in aged care homes texture modified 
foods are diluted using water, milk or sauce etc on a daily basis to produce a product with “soft” 
texture. The amount of liquid component added is entirely based on the visual appearance of the 
food and the discretion of the operator. Therefore the dilution study was undertaken to understand 
the impact of small changes in phase volume due to addition of these liquid components on the 
microstructure and the flow behaviour of minced and pureed peas. Secondly, the microstructure of 
concentrated particles of comminuted peas was difficult to visualise using microscopic techniques 
as the pea matrix is dense, often opaque and contains large particles (up to 5 mm).  Samples are 
often diluted for imaging. However, dilution has a considerable effect on the arrangement of the 
particles and the microstructure of the diluted sample does not resemble that of the original product 
(Bayod 2008). Therefore the network structure or microstructure of concentrated suspensions can 
be measured indirectly using rheological analysis, as the behaviour of the suspension is dependent 
on the concentration, shape and size of the particles as well as the interparticle forces and their 
spatial arrangements.  
Figure 5.7 and Figure 5.8 show the effect of dilution on the elastic and viscous modulus on minced 
and pureed. As the peas were diluted, the elastic modulus decreased by approximately 1.5 orders of 
magnitude between 10% and 50% added water. An interesting observation is that despite the loss of 
structural integrity as a soft solid (Figure 5.6 at 83% total moisture content), a crossover between G´  
   
75% 78% 83% 
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Figure 5.7: Changes in elastic and viscous modulus as minced peas were diluted with 10 - 50 wt% 
of water. Filled symbols represent G´ and open symbols represent G˝ 
 
Figure 5.8: Changes in elastic and viscous modulus as pureed peas were diluted with 10 - 50 wt% of 
water. Filled symbols represent G´ and open symbols represent G˝ 
 
and G˝ was not observed i.e. the change in behaviour from a viscoelastic solid to a viscous liquid 
(G˝ > G´) was not observed, even at 50% added water.  
The yield stress data from Figure 5.5 and the G´ data at 10 rad/s for each dilution from Figure 5.7 
and Figure 5.8 were plotted in Figure 5.9 and Figure 5.10. Figure 5.9 shows that there is a power 
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law increase in yield stress with increasing dry solids content or conversely decrease in yield stress 
with increasing moisture content for both minced and pureed peas. Similar behaviour is seen in 
Figure 5.10 where increasing the dry solids content increased the elastic modulus exponentially. 
These results show the inter-dependence of yield stress and elastic modulus i.e. changing the elastic 
modulus by addition of water had a direct impact on the yield stress or flow behaviour. Figure 5.9 
and Figure 5.10 show that at the same total dry solids content, minced peas had a higher yield stress 
and elastic modulus than pureed peas.  This is because the wider particle size distribution of minced 
peas results in better packing compared to pureed peas (confirmed by the higher random close 
packing fraction for Mydibel minced peas in Table 5.2.) Therefore at the same dry solids content, 
minced peas require slightly higher applied stresses in order to flow compared to pureed peas.  
The data in Figure 5.9 and Figure 5.10 was fitted to a power law model which is generally used to 
model how the elastic modulus scales with volume fraction for particulated networks (Yanez, Laarz 
& Bergström 1999). The power-law relationship between the apparent yield stress (YS) and dry 
solids content (phase volume), YS   φm resulted in value of the exponent m = 7.4 for minced peas 
and m = 8.3 for pureed peas (Figure 5.9). These exponents are similar to exponent values of 2 - 8 
observed experimentally in various microgel suspensions (Adams, Frith & Stokes 2004; Stokes 
2012). These high exponents indicate that small changes in the dry solids content (or phase volume) 
had a significant impact on the apparent yield stress. Similar behaviour was observed when the 
elastic modulus and dry solids content data was fitted to the power-law model, G´   φm (Figure 
5.10). However, with the G´ data, there were two distinct power law regions, one at high 
concentration and one at low concentration. At high concentration, as indicated on Figure 5.10, the 
exponent m was 4.7 and 5.5 (R
2
 > 0.98) for minced and pureed peas respectively. However at low 
concentrations, these exponents increased to 11.1 and 13.1 (R
2
 > 0.96) for minced and pureed peas 
respectively. These results indicate that addition of water reduces the G´ in both high and low 
regions, however the impact of the dilution on the G´ is more dramatic in the low concentration 
region. This is because in the high concentration region, the particles are densely packed and 
deform to occupy any available space (Day et al. 2010b) so addition of water only has a small effect 
on the particle – particle interactions and their packing. At a critical concentration, approximately at 
the beginning of the low concentration region, as the network of interconnected particles is diluted 
and particle – particle interactions are no longer as strong. The particles are no longer caged or 
deformed by their neighbours therefore elasticity due to deformation is no longer an issue and 
particle are able to move freely during applied stresses. Hence at lower concentrations, addition of 
small amounts of water dramatically reduced G´ and yield stress.  
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Figure 5.9: Power law fit of the yield stress and dilution data for minced and pureed Mydibel peas. 
The power law index m = 7.4 for minced peas and m =8.3 for pureed peas. 
 
 
 
Figure 5.10: Power law fit of the elastic modulus and dilution data for minced and pureed Mydibel 
peas. The power law index m = 4.7 and 5.5 in the high concentration region and m = 11.1 and 13.1 
in low concentration region for minced and pureed peas respectively.  
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Other researchers (Bayod & Tornberg 2011; Lopez-Sanchez et al. 2012) have also found a power 
law relationship between the solids fraction and the elastic modulus of plant cell wall based 
dispersions; however their power law exponents of 3 and 4 for carrot and tomato dispersions were 
considerably lower than those observed in this research. One of the major differences between this 
research and the plant based dispersions investigated by Lopez-Sanchez et al (2012) was the solids 
content. Their model systems consisting of 4% to 9% total solids and had viscoelastic yield stress 
fluid (soup-like) type behaviour compared to solids content of greater than 25% and viscoelastic 
solid-like behaviour in our system. Despite these differences these plant based dispersions and soft 
solids all showed power law behaviour. Power law exponents, greater than 3, have been reported for 
aggregate networks of colloidal particles (Buscall et al. 1988). Lopez-Sanchez et al. (2012) and 
Bayod & Tornberg (2011) both suggest that plant suspensions behave as continuous network of 
interconnected fractal aggregates i.e. existence of some physical interaction between the wide 
distribution of particles that constitutes the structure of these suspensions, resulting in residual 
elastic behaviour in dilute plant cell wall suspensions. This may explain why G´> G˝ even in dilute 
comminuted peas suspensions. 
As mentioned earlier the rheological measurement can give insights into the underlying 
microstructure of comminuted peas. Dynamic rheological data has shown that the elastic modulus 
for both minced and pureed peas was higher than the viscous modulus indicating that comminuted 
peas form a paste with solid-like rheology. This was confirmed by the visual appearance as a scoop 
of peas was able to hold its shape and not flow when plated (Figure 5.6). This indicated that the pea 
particles were in a jammed stated and needed to overcome the yield stress in order to flow. The high 
yield stress and elastic modulus in concentrated dispersions and G´ > G˝ at 50% dilution, indicate 
weak interactions amongst particles resulting in possible percolation, gelation or glass (Mewis & 
Wagner 2012) type network structures.  
Data in Figure 5.9 and Figure 5.10 was fitted to the percolation model (Figure 5.11). The 
percolation model is used to describe the transition from the state where particles or aggregates start 
to interact and form a finite set of clusters to a state where the clusters span the entire system. De 
Gennnes (1979) and Stauffer (1976) had proposed that the percolation process could be used to 
describe the gelation behaviour of biopolymer gels (De Gennes 1979; Stauffer 1976) such as 
gelatine i.e. the transition of gelatine from a liquid solution to an elastic solid by cross linking and 
entanglements (Djabourov, Leblond & Papon 1988). Therefore percolation process focuses on the 
critical concentration at which the polymer or particles start to become interconnected giving rise to 
elasticity (G´) in the system.  
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Figure 5.11: Dilution data for minced and pureed peas fitted to a percolation model based on 
equation 5.3 
 
The relationship between the concentration and G´ is described by equation 5.1 where k is a 
constant derived for the data, C is the concentration of the particles and C0 is the critical 
concentration. 
G´ = k (C – C0)
2
      (5.1) 
Although the pea particles are not crosslinked or entangled, the dilution data from minced and 
pureed peas shows that the percolation model fits the data well at high concentrations where the 
particles are tightly packed but the model does not fit the data at lower concentrations as shown in 
Figure 5.11. At high concentration, particle – particle interactions result in formation of aggregates 
or clusters and theses clusters interconnect to form gel type networks hence the percolation model 
fits the data well. As the minced and pureed peas were diluted, the interconnection between the 
clusters of particles decreases, with G´ decreasing by over two orders of magnitude as the total dry 
solids content was decreased from 25% to 15%. When the data was fitted to the percolation model 
the theoretical critical concentration, C0, of total dry solids was calculated from the point at which 
G´ reduces to zero (intersects the x-axis). The critical concentration for minced and pureed peas was 
calculated to be 13.4% and 14.9% respectively (Figure 5.11). At lower concentrations, the measured 
data does not fit the percolation model as the decline in G´ is gradual (follows power law) and not 
abrupt. As can be seen from Figure 5.11, the actual critical total dry solids concentration for minced 
and pureed peas (when G´ decays to zero) would be less than 10%, which is considerably lower 
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than that calculated from the percolation model. The residual elasticity in the diluted minced and 
pureed peas, below calculated critical concentrations, may arise from the anisotropy of the peas 
particles (Stokes & Frith 2008).  Research by Stokes and Frith (2008) highlighted that anisotropic 
“sheared” gels showed a gradual decrease in G´, instead of an abrupt decline observed in spherical 
agar microgel particles. They suggest that these anisotropic particles are able to form gel type 
structures due to weak associations between them. Lopez-Sanchez et al (2012) also observed a non-
zero G´ value for plant dispersions at low concentrations. They suggested that the static elastic 
response could be due to attractive interactions between the particles or surface asperities 
(roughness of the surface of the particles) leading to static friction. At some low concentration 
attractive forces between the particles can form fractal clusters resulting in a percolated network and 
surface asperities may suggest that the particles can withstand static friction. This means that when 
small strains are applied to these low concentration dispersions, they must overcome the attractive 
forces between particles and the friction due to surface asperities in order to flow. These 
observations by Stokes and Firth (2008) and Lopez-Sanchez et al (2012) are similar to our 
observations with minced and pureed peas. Therefore it is suggested that the elastic response at low 
concentrations for pea particles is most likely due to anisotropic nature of the particles and their 
surface asperities (Figure 4.4 and Figure 4.8). As the pea particles are rough on the surface, it is 
likely that they entangle once in close proximity and percolate at concentration well below the 
theoretical C0 values (Figure 5.11) via these weak interaction. However these weak interactions still 
generate an elastic response in these dilute systems.  
Figure 5.12 shows a graph of C-C0 data (actual dry weight concentration minus the theoretical 
critical concentration from the percolation model, which was 13.4% and 14.9% from minced and 
pureed peas respectively) against the elastic modulus for both minced and pureed peas. The data is 
fitted to a percolation model which shows that the data points for minced and pureed peas fit on the 
same curve (dotted line in Figure 5.12), indicating that the underlying microstructure of the particles 
is the same. This was confirmed by the confocal images which showed identical pea particle 
structure for both minced and pureed peas (Figure 5.13) in their undiluted state. Some evidence of 
fractal aggregates and interconnection between particles can also be seen in Figure 5.13.  
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Figure 5.12: Difference in concentration from minced and pureed show that the G´ data falls on the 
same curve. Data is fitted to percolation model G´ = k (C – C0)
2
 
 
 
  
Figure 5.13: Confocal images of concentrated particles of minced (L) and pureed (R) peas show no 
difference in particle morphology or packing. 
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5.4 Concluding remarks 
This chapter has shown how small changes in phase volume, either by changing particle size 
distributions or by dilution, can have a considerable impact on rheology of comminuted peas. 
Determining phase volume of pea particles or plant based suspensions in general is challenging due 
to the anisotropic nature of the particles, the deformability of the particles and the continuous size 
distributions of the particles due to the comminution process. We found that random close packing 
fraction determined using the Farr and Groot model (using d0.5 data and fraction of particles on each 
sieve) helped to explain the observed rheological data. Due to the solid-like behaviour of 
comminuted peas at rest, it was assumed that all the samples were packed above random close 
packing, however φrcp from Farr and Groot’s model gave insights into the packing efficiencies of 
peas with different particle size distributions and the resulting rheological behaviours.  
Phase volume was modified by blending different proportion of minced and pureed peas together as 
well as by changing the ratios of continuous and dispersed phases by adding water. Increasing the 
proportion of minced peas (larger particles - >1 mm) increased the distribution of the particles, 
resulting in better packing, with lower phase volumes at higher total solids concentrations. 
Conversely by increasing the proportion of pureed peas, the particle size distribution was narrowed 
and the particles did not pack as efficiently and hence had lower elastic modulus and yielded at 
lower applied stresses. These results showed that flow behaviour of texture modified foods could be 
altered simply by changing the particle size distributions i.e. by blending minced and pureed foods 
together; without any added liquids.  
The rheological data from the dilution study gave insights into the microstructure of comminuted 
peas. At high phase volumes (>φrcp) pea particles formed clusters and these clusters were 
interconnected in a jammed state requiring high stresses to initiate flow, resulting in high G´ and 
yield stress. As the pea particles were diluted, the interconnection between these clusters was 
reduced and the particles were able to slide past each other more easily resulting in lower yield 
stress and elastic modulus. The dilution data showed that small reductions in the total solids 
content, especially at low concentrations, decreased the G´ and yield stress dramatically. These 
results highlight how small changes in liquid component has a dramatic effect on flowability and 
plated appearance of dysphagia foods. It is common practice to add liquids to puree and “soften” 
dysphagia foods and the amount of liquid component that is added is based on the judgement of the 
person preparing the food, which can change on a daily basis. Therefore from a dysphagia patient’s 
perspective, the consistency of their food can change on a daily basis, which would impact on the 
texture and the ease of swallow of these foods.  
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From a dysphagia perspective, texture modified foods (minced and pureed peas as model systems) 
need to have a high enough yield stress to maintain their plated appearance i.e. be in a jammed state 
at rest, but flow at low applied stresses in the mouth i.e. be unjammed easily by applied stress and 
by dilution with saliva (Figure 5.1 – jamming phase diagram). The results from this chapter 
suggested that yield stress and modulus of comminuted peas can be adjusted by manipulating the 
particle size distributions i.e. by blending different proportions of minced and pureed peas together, 
which affects packing and phase volume. By manipulating the particle size distributions, an 
optimum phase volume can be achieved, at which the yield stress will be high enough for visual 
presentation of the food and low enough for it to flow easily in the oral cavity, while maintaining 
the nutritive value of the food. These insights into the microstructure of these complex systems 
using microscopy and rheological measurements can be used to design foods for dysphagia, such 
that they would breakdown in the oral cavity in a controlled manner.  
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CHAPTER 6 
 
6 Cohesiveness and flow behaviour of consolidated systems 
 
 
6.1 Introduction 
Cohesiveness of a bolus is an important parameter in the oral preparatory, oral and pharyngeal 
phases of swallowing, as the bolus must flow as a cohesive mass over the closed airway for a safe 
swallow (Prinz & Lucas 1997). Fracturing of the bolus during swallow can lead to aspiration or 
choking which can be life threatening for a person suffering from dysphagia.  
In the food industry, objective measurement of cohesiveness has been sought to assist in product 
design. The most widespread approach is to use a texture analyser and subject soft food samples to 
a double compression test, which is an imitative techniques referred to as Texture Profile Analysis 
(TPA) (Bourne 2002). The normal force during the double compression is measured as a function of 
time and a typical set of data obtained from the method is shown in Figure 6.1. It is common to 
equate the ratio the areas under the force-time curve for the second and first downstroke to be the 
measure of cohesiveness (Equation 6.1) 
Cohesiveness = Area 2 / Area 1       (6.1) 
where Area 1 and Area 2 is the area under the curve for first and second compression respectively. 
Both compression cycles breakdown the structure of the food, so this ratio is supposed to be an 
indicator of the strength of internal bonds within the food (Rosenthal 1999). Sensory perception of 
cohesiveness is how well the chewed particles stick together (Koc et al. 2013) as chewing 
progresses. TPA cohesiveness is a single parameter trying to predict the complex human perception  
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Figure 6.1: Typical result from a texture profile analysis (i.e. double compression) for a soft food. 
The y-axis is the normal force (reprinted from Bourne, 2002) 
 
of cohesiveness. It is therefore not surprising that there are poor correlations between TPA and 
sensory cohesiveness. 
The yield stress at which a comminuted food material (bolus) starts to flow, has also been suggested 
to be an indicator of cohesiveness (Nakauma et al. 2011). This is because like cohesiveness, yield 
stress is also dependent on the degree internal binding and structural order (Nakauma et al. 2011) 
which needs to be overcome or broken in order to initiate flow. The sensory perception of 
cohesiveness would therefore be the amount of effort or force required to break this internal binding 
between the particles of food and dilute it with saliva to form a swallowable bolus.  
Although cohesiveness of a bolus is an essential parameter in swallowing, a robust technique for 
objective measurement of cohesiveness of particulated soft-solids is still lacking. In this chapter, we 
seek to provide a measure of cohesiveness as an intrinsic property of a soft food material, by 
considering a technique currently in use to characterise the cohesiveness of powders.  The ring 
shear tester (RST-XS ) is designed to measure the flow behaviour of wet and dry powders (Schulze 
2008), however we have adapted its use to measure flow characteristics and cohesiveness of 
comminuted green peas. To the best of our knowledge, this is the first time the ring shear tester has 
been utilised to measure these properties of a soft particulated food. 
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Flow properties of bulk solids (dry powders) are dependent on a number of parameters such as 
particle shape and size distribution, chemical composition of particles, moisture content and 
temperature (Schulze 2008), similar to the parameters that affect the rheological behaviour of 
particulated soft solids (as shown in Chapter 5). The magnitude of force (or load) necessary to 
deform the bulk solid until it starts to flow is a measure of its yield limit (similar to yield stress) and 
thus flowability. The yield limit is dependent on stress history imposed on the bulk solid. A bulk 
solid at rest experiences normal stress due to the weight of the solid above it. In a cutting plane 
within a bulk solid, at an arbitrary angle, α, both normal (σα) and shear stress (τα) act on the solid as 
shown in Figure 6.2 (left). These pair of stresses (σα, τα) can be calculated for all possible cutting 
angles within the bulk solid. When all these stresses are plotted on a σ, τ graph, a circle emerges and 
this circle is called the “Mohr stress circle” as shown in Figure 6.2 (Schulze 2008). 
 
 
Figure 6.2: Stresses on a bulk solid, at an arbitrary angle, α (left) and the corresponding Mohr stress 
circle (right) where σv is vertical or normal stress and σh is the horizontal stress – adapted from 
Schulze, 2008. 
 
Bulk solids can be compressed or consolidated using normal stress (σ1 = σv - vertical stress). In the 
ring shear tester, the powder is consolidated by application of a normal force and “pre-shearing” 
until there is plastic deformation. The stress at which the powder is compressed is known as the 
consolidation stress (σ1). After consolidation the powder is unconfined (has no lateral walls 
supporting the compressed powder) and a normal stress is applied until the powder starts to flow. 
The consolidated powder has to overcome the “yield limit”, before it undergoes a plastic 
deformation where it starts to flow. The stress at which the powder starts to flow is the unconfined 
yield strength (σc). The flowability factor, ffc, of a bulk solid is defined as the ratio the consolidation 
stress, σ1 to unconfined yield strength, σc, i.e. 
ffc = σ1/σc         (6.2) 
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Schulze (2008) defines the flow behaviour of powders in terms of flowability factors as follows: 
ffc < 1 Not flowing 
1 < ffc < 2 Very cohesive 
2 < ffc < 4 Cohesive 
4 < ffc < 10 Easy flowing 
10 < ffc  Free flowing 
Research by Althaus (2010) suggested that glass bead powders with liquid mass fraction of less 
than 25% where considered to be “wet” powders. As the moisture content increased to the wet 
powder limit, there was increased cohesion between particles resulting in denser packing of 
powders during consolidation. It was also accompanied by stronger liquid bridges and higher 
frictional forces between particles (Althaus 2010) and thus became both cohesive and difficult to 
flow.  
In this chapter, the ring shear tester was utilised to assess the “flowability” and “cohesiveness” of 
comminuted peas (i.e. wet, swollen pea particles) in the same manner in which it is used to 
characterise the properties of dry powders. Comminuted peas were also freeze-dried and ground to 
form a powder. Total moisture content of powdered peas was systematically increased until a paste-
like behaviour was observed, similar to that of originally comminuted peas. The science, equations 
and calculations for the ring shear tester are based on hard particles with low moisture content; 
therefore their applicability to wet comminuted peas needs to be investigated. 
The aims of this study were to demonstrate that the ring shear tester provides a means in which to: 
 determine the flowability and cohesiveness of centrifuged, comminuted pea particles with 
increasing total moisture content 
 determine the flowability and cohesiveness of freeze-dried and ground pea particles (≤500 µm) 
with increasing total moisture content 
 evaluate the impact of serum viscosity on the flowability and cohesiveness of centrifuged 
comminuted peas 
 determine the suitability of ring shear tester as a novel method of measuring cohesiveness of 
comminuted peas  
The research in this chapter was undertaken from 12
th
 January to 22
nd
 February 2013 at the Swiss 
Institute of Technology (ETH) in Zurich, Switzerland under the guidance of Professor Erich 
Windhab and Dr. Peggy Heunemann and was supported by University of Queensland GSITA 
(Graduate School International Travel Award) travel grant. 
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6.2 Experimental 
The ring shear tester was used to assess the flowability and cohesiveness of freeze-fractured peas 
that were centrifuged peas (I) and freeze-dried and ground peas (II) as shown in Figure 6.3. This is 
because preliminary trials showed that the moisture content of freeze-fractured peas was possibly 
too high to achieve accurate data on the ring shear tester. Therefore, freeze-fractured peas were 
centrifuged to remove the serum, such that the moisture content of centrifuged peas could be 
increased systemically. Similarly, freeze-dried and ground peas were prepared in a powered form, 
to produce as dry a sample as possible and also to produce the peas in a format (“powdered”) that 
the ring shear tester was designed for. The moisture content of freeze-dried and ground peas was 
also increased systemically such that the effect of moisture on the cohesiveness and flowability 
could be studied for the entire range i.e. from a dry powder (hard particles) to a concentrated 
suspension (similar to pureed peas with deformable particles).     
 
Figure 6.3: Method for preparing centrifuged and freeze-dried peas for testing on the ring shear 
tester 
 
6.2.1 Materials 
The green peas used in this chapter were COOP brand – petits pois très fins (baby peas), purchased 
in 600 g packs from the local supermarket in Zurich. The peas were cooked, frozen and freeze-
fractured using the method described in Section 3.3.1 and Section 3.3.2. However, in this instance, 
peas were freeze-fractured using an approximately 100 ml coffee grinder (Figure 6.4). Due to the 
small capacity of the coffee grinder, peas were ground in 50 g batches for 10 seconds. Ground peas 
were mixed thoroughly to minimise any batch to batch variation. 3 kg of freeze-fractured peas were 
prepared and stored in a -20°C freezer, and were used for the duration of this study. 
COOP peas cooked & 
frozen
Freeze-dried and ground 
peas  II
Centrifuged peas I
Freeze-fractured 
peas
Fracturing
10 s
Freeze-dried peas
Grounded using mortar 
and pestle
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Figure 6.4: Freeze-fracturing of COOP peas using` a coffee grinder 
 
In order to determine the effect of serum viscosity on the flowability and cohesiveness of 
centrifuged peas, two viscosity modifiers (pure glycerol and 2 wt% pectin solution) with similar 
viscosities were used. It was hypothesised that viscosity modifiers with similar viscosity, should 
have similar effect on flowability and cohesiveness. Pure glycerol (glycerol bidistilled, 99.5% w/v 
AnalaR NORMAPUR) bought from VWR Chemicals (BDH Prolabo) was diluted by 15 wt% with 
distilled water to prepare an 85% glycerol solution. 2% pectin (high methylester citrus pectin with 
degree of esterification of 68 – 76% was kindly supplied by Herbstreith and Fox in Germany) 
solution was prepared using the method described in Section 3.2.2. 
6.2.2 Experimental methodology 
6.2.2.1 Centrifugation of peas 
Freeze-fractured peas were thawed overnight in a 4°C chiller and filled into 50ml falcon tubes and 
centrifuged using a Sigma 3K30 centrifuge with rotor 19776. The peas were centrifuged using the 
same conditions as those described in Section 3.3.8 (i.e. speed of 11,000 rpm at 25°C for 30 
minutes). The pea serum was decanted off immediately after centrifugation and held in a 4°C chiller 
for further experiments. The pea solids (pellet) remaining in the tubes was collected and is referred 
as “centrifuged peas” throughout this chapter. Centrifuged peas were held in a 4°C chiller until 
required for testing in the ring shear tester.  
6.2.2.2 Freeze drying of peas 
Freeze-fractured peas were freeze-dried in a Virtis freeze dryer operating at -80°C. 150 to 200 g of 
freeze-fractured peas were placed in two 250 ml conical flasks. The flasks were placed in liquid 
nitrogen and gently rotated by hand to ensure the peas were completely frozen. Once frozen, the 
flasks were attached to the freeze dryer and the vacuum was turned on. Due to the high moisture 
content of the peas, it took 48 hours to dry them. Freeze-dried peas were packed in plastic bags and 
held in a -20°C freezer until required. 
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6.2.2.3 Grinding of freeze dried peas 
20 g of freeze-dried peas were grounded in a 20 cm diameter mortar and pestle using a gentle 
rotating motion and sieved through a 500 µm aperture sieve. Particles remaining in the sieve were 
ground further until all the particles passed through the sieve. Batches of ground peas were mixed 
together to minimise any variation in the particle size distribution. Ground peas were packed in 
plastic bags and held in a -20°C freezer until required. 
6.2.2.4 Moisture content of peas 
Moisture content of peas was measured using a Mettler Taledo HR73 Halogen Moisture Analyser. 
Approximately 1 g of centrifuged peas and 0.3 g of freeze dried peas were used for analysis and 
each sample was measured in triplicate.   
6.2.2.5 Viscosity of the viscous component 
The viscosities of pea serum, pure and 85% glycerol solution and 2% pectin solution was measured 
on a Physica MCR 300 (Modular Compact Rheometer) using a 50 mm, 1° cone and plate geometry. 
The steady flow data for the pea serum was collected within the stress range of 0.05 to 5 Pa whereas 
stresses of 0.5 to 50 Pa were used for 2% pectin and 85% glycerol solutions. Each data point was 
collected after a maximum of 30 seconds when the sample was in a steady state. The viscosity of 
2% pectin and 85% glycerol solution was approximately 82 mPa s and 85 mPa s respectively. 
6.2.2.6 Preparation of centrifuged peas for ring shear testing  
The total moisture content of the centrifuged peas was gradually increased by adding the pea serum 
(that was decanted off after centrifugation) back into the centrifuged peas in ascending order, from 
10 to 40 wt% (Appendix Table A6.1). Similarly 2% pectin and 85% glycerol solutions were also 
added in the same weight percent (10 to 40%) to increase the ratio of the viscous component in the 
centrifuged peas matrix. 
6.2.2.7 Preparation of ground freeze dried peas for ring shear testing 
The moisture content of freeze-dried and ground peas was systemically increased to the required 
final total moisture content. Due to the dry and powdered nature of the peas, water was added in a 
form of a fine mist using a spray bottle to avoid the pea particles from agglomerating into large 
clumps.  The required amount of peas was weighed in a large glass petri-dish (approximately 12 cm 
in diameter). A fine mist of water was sprayed onto the dried peas until the required weight was 
achieved. Any large lumps or agglomerates of pea particles were broken down using a metal 
spatula. The petri-dish was sealed and allowed to equilibrate for approximately 2 hours prior to 
testing. 
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6.2.2.8 Ring shear testing 
The pea sample was filled into the ring shear measuring cell with minimum compression. The 
excess sample was gently scrapped off leaving a smooth surface. The volume of the ring shear cell 
was 30 cm
3
. The filled cell was weighed before it was mounted onto the ring shear tester, so that the 
bulk density of the consolidated sample could be determined. The lid was placed on the sample and 
the loading rod was inserted in the crossbeam of the lid. Finally the tie rods were attached – with 
one end attached to the crossbeam of the lid and the other to the load cells. The final assembly of 
the ring shear tester can be seen in Figure 6.5 and a schematic diagram can be seen in Figure 6.6. 
Once the sample was loaded a pre-shear normal stress, σpre of 2000 Pa (N in Figure 6.6) was exerted 
on the sample via the loading rod (4 in Figure 6.5). The sample was then sheared where the lid and 
the bottom ring of the shear cell rotate in opposite directions. The shear cell rotates in the direction 
ω, while the tie rods prevent the lid from rotating, generating shear forces F1 and F2 as shown in 
Figure 6.6. Initially both the shear force and shear stress (τ = force/area) increase with time.  
 
 
Figure 6.5: Assembled ring shear tester RST-XS (A), components of the shear cell (B) and shear 
cell filled with comminuted peas ready for testing (C) – adapted from Althaus, 2010 
1. shear cell, 2. drive head, 3. lid with attached crossbeam, 4. loading rod (normal stress), 5. 
centring device, 6. tie rods (shear stress), 7. load cell. 
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Figure 6.6: Schematic diagram of the ring shear tester. Reprinted from (Schulze 1997) 
 
The shear stress gradually decreases as the sample undergoes plastic deformation and reaches 
steady state. This constant shear stress is called τpre. At this point the sample is considered to be 
consolidated, where normal stress σpre, shear stress τpre (Figure 6.7) and bulk density of the sample 
are all constant. The larger Mohr circle in Figure 6.7 shows the stresses at consolidation where σ1 
represents the major principal stress (vertical stress) and σ2 represents the minor stress (horizontal 
stress). Once the sample is consolidated the direction of the rotation of the shear cell is reversed 
until the shear force and shear stress both reduce to zero.  The consolidated sample is then sheared 
to failure, under normal stress σsh which was lower than σpre i.e. σsh < σpre. The maximum shear 
stress at which the sample started to flow is called the “shear point” or “point of incipient flow”. 
This is the yield limit at normal stress σsh. Once the sample reaches the shear point, it is 
consolidated again to identical normal stress σpre and sheared to failure at a different normal stress 
(σsh < σpre). In this research all samples (centrifuged and freeze-dried) were sheared to failure at four 
nominated normal stresses (σsh): 400, 1000, 1600 and 400 Pa. For each normal stress (σsh) at which 
the sample started to flow, had a corresponding shear stress (τsh) value as shown in Figure 6.7. The 
four shear points (σsh, τsh), formed the yield locus for the sample as shown in Figure 6.7. The yield 
locus is a line through all the shear points for that sample and it ends as a tangent to the Mohr circle 
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for the consolidation stress (σ1) i.e. larger Mohr circle. For cohesive materials, yield locus tends to 
have a convex shape. 
The smaller Mohr circle in Figure 6.7, shows the unconfined yield strength σc or compressive 
strength of a bulk solid. σc cannot be measured using a shear  test and is thus determined from the 
yield locus of the consolidated sample. At incipient flow, only a normal stress acts on the top of the 
sample. There are no normal or shear stresses (σ = 0 and  τ = 0) on the lateral surfaces. Therefore, 
the Mohr circle representing stress at failure must go through two points, first where σ = 0 and τ = 0 
and second where normal stress σ = σc. This smaller Mohr circle also has to touch the yield locus, 
as at this point the yield limit is reached and consolidated sample would flow (Figure 6.7).  
Cohesiveness is defined here as the shear stress required for flow when the applied normal stress 
tends to zero; it is obtained here as the point at which the yield locus intersects the y axis (τ), 
marked as C on Figure 6.7. The ffc was calculated using equation 6.2 where σ1  (maximum normal 
stress generated by the consolidated sample) was divided by σc  (unconfined yield stress i.e. normal 
stress at which the sample started to flow). A more detailed methodology on the ring shear tester 
can be found in Schulze (1997). Samples were analysed in triplicates. 
 
 
Figure 6.7: Example of Mohr circles for duplicate samples of centrifuged peas (circles in red and 
black). The ring shear data is typically presented as Mohr circles where τ (Pa) on the y-axis is the 
shear stress and σ (Pa) on the x-axis is the normal stress. σ1 is the maximum normal (vertical) stress 
generated by the consolidated sample, σ2 is the minor (horizontal stress),  σc  is the unconfined yield 
stress, σpre and τpre are normal and shear stresses at which the samples are consolidated,  σsh and τsh 
are normal and shear stresses at which consolidated samples start to flow and C is the cohesiveness 
of the sample. 
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6.3 Results and Discussion 
6.3.1 Flowability and cohesiveness of centrifuged peas as the total moisture content was 
increased from 67% to 79%   
The total moisture content of centrifuged peas was 66.8%. As the total moisture content of the peas 
was increased by addition of serum, the apparent size of the centrifuged pea particle agglomerates 
increased (see images in Figure 6.8) until a paste-like system was formed. This change in 
morphology of the system is potentially reflected in the flowability factor and cohesiveness of the 
samples as shown in Figure 6.8.  
Figure 6.8 shows that there are two distinct regions in the behaviour of the peas, with the junction 
occurring at moisture content of about 73%.  Below 73% moisture, the flowability factor decreases 
slightly and the cohesiveness increases with increasing moisture content from 66.8%. The 
cohesiveness, which is equivalent to a critical stress for flow, peaks at 73% moisture at a value of 
approximately 1000 Pa. Once the total moisture content of the peas was increased to beyond 73%, 
the flowability factor increased rapidly (Figure 6.8a) and the cohesiveness decreased (Figure 6.8b) 
with increase in total moisture content. The actual data for Figure 6.8 is summarised in Appendix 
Table A6.1. 
The results in Figure 6.8 indicate that there is a distinct transition to a paste-like system as the 
moisture content exceeds 73% by weight. This is likely to be the critical point at which volume of 
the viscous component provides hydrodynamic “lubrication” so that the pea particles slide past each 
other.  Based on Schulze’s definition of flow behaviour of powders, centrifuged peas are considered 
“very cohesive” (1 < ffc < 2) when the total moisture content is below 75%  and cohesive (2 < ffc < 
4) at between 75% and 79% moisture (Schulze 2008). This criterion seems to be a good indicator 
for what was observed visually, where granulated particles of centrifuged peas started to 
agglomerate into a paste, as shown in the images in Figure 6.8.  
If this ring shear data at 75 to 79% total moisture content is compared to the rheology data from 
Chapter 5, specifically Figure 5.9 and Figure 5.10, in terms of total solids from 21 to 25%, it can be 
seen that both yield stress and elastic modulus decreased as the total solids content was reduced (or 
moisture content was increased). Yield stress is an indicator of cohesiveness, so a decrease in yield 
stress in Figure 5.9 would indicate that the samples are not as cohesive with increasing moisture 
content. The ring shear data supports this rheology data, as cohesiveness measured on the ring shear 
(Figure 6.8b) also decreased with increasing moisture content, from 75 to 79%. 
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66.8% 70.9% 73.7% 75.8% 
 
 
Figure 6.8: Effect of changing the total moisture content by systemically increasing the amount of 
serum on the morphology of the system (images), flowability (a) and cohesiveness (b) of 
centrifuged comminuted peas 
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6.3.2 Flowability and cohesiveness of freeze-dried and ground peas as the total moisture 
content was increased from 4% to 78% i.e. from dry to highly moist state 
In order to study the pea particles across the entire moisture content regime (i.e. from dry to wet), 
the total moisture content of freeze-dried and ground peas was systemically increased using the 
method described in Section 6.2.2.8, until a moist, paste-like product was formed. The effect of 
increasing the moisture content from a dry powder to a wet paste, on the flowability and 
cohesiveness of freeze-dried and ground peas was studied.  
The initial moisture content of ground freeze-dried peas was 4.2%. At this moisture content, the pea 
particles were dry and free-flowing. As the moisture content was increased, the pea particles started 
to granulate and the size of agglomerates increased with increasing moisture content until a paste-
like structure was formed, as shown in the images in Figure 6.9. The flowability factor for ground 
freeze-dried peas was above 10, which is defined as free-flowing according to Schulze’s definition 
(Schulze 2008). As the total moisture content was increased to approximately 25 wt%, there was a 
transition from “easy flow” to “cohesive” as indicated by the flowability factor going below 4, as 
shown in Figure 6.9a (actual data is summarised in Appendix Table A6.2). Once the total moisture 
content reached approximately 30%, addition of more water had a negligible effect on the 
flowability of the peas up until a moisture level of 76%; flowability factor ~2 in this range 
indicating that the system was “very cohesive” according to Schulze’s definition. Although the 
flowability factor was only slightly affected, visual changes in the peas from 43% to 65% total 
moisture were significant as can be seen from the images in Figure 6.9 (i.e. from agglomerates to a 
paste). It is possible that between 30% to 76% moisture content, the pea particles are going through 
phase transition, where dry pea particles (hard particles) are absorbing the added moisture and 
becoming softer, deformable particles, similar to centrifuged peas. In addition, the measured 
cohesiveness of the pea particles, as shown in Figure 6.9b, increased across the entire range of 
moisture levels up to 73%, after which it decreases dramatically with small increases in total 
moisture content. This behaviour is again similar to that observed with the rheology of minced and 
pureed peas (Figure 5.9 and Figure 5.10) were small increments in moisture content decreased the 
yield stress and elastic modulus dramatically. These results indicate that around 73% total moisture 
content, the freeze-dried and ground peas start to behave as a paste or concentrated suspension, 
similar to minced and pureed peas studied in previous chapters.  
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Figure 6.9: Effect of systemically increasing the total mositure content on the morphology (images), 
flowability (a) and cohesiveness (b) of freeze-dried and ground peas 
    
0
2
4
6
8
10
12
0 10 20 30 40 50 60 70 80
F
lo
w
a
b
il
it
y
 F
a
c
to
r 
 f
fc
 (
-)
Total Moisture Content (%)
0
200
400
600
800
1000
1200
0 10 20 30 40 50 60 70 80
C
o
h
e
s
iv
e
n
e
s
s
 (
P
a
) 
Total Moisture Content (%)
(a) 
(b) 
131 
 
6.3.3 Comparison of flowability and cohesiveness of freeze-dried and centrifuged peas 
The flowability behaviour across the entire moisture range for freeze-dried and centrifuged peas is 
plotted in Figure 6.10. Similarly, the overall behaviour of the cohesiveness of these peas is 
summarised in Figure 6.11. Only freeze-dried peas were in the dry powder regime. As the moisture 
content increased to 25% the free flowing powder started to become cohesive and showed wet 
powder like characteristics. The total moisture content range at which the freeze-dried and 
centrifuged can be compared is between 67% and 79% i.e. in the wet powder and concentrated 
suspension regime.  
The flowability of pea particles appears to be the highest in the dry powder regime and in the 
concentrated suspension regime (i.e. when the particles are either very dry or very wet). It is 
interesting to note that the flowability factor for freeze dried peas at 43% total moisture and 
centrifuged peas at 75% total moisture were almost identical, at 2.04 and 2.08, respectively. 
Similarly the cohesiveness of freeze-dried peas at 47% total moisture and centrifuged peas at 76% 
moisture content were almost identical at 467 Pa and 470 Pa respectively. However, these 
behaviours result from different interactions between the freeze-dried and centrifuged (soft) pea 
particles. 
In general, addition of a binder (viscous component) to dry powders increases the initial rate and 
final extent of particle agglomeration (Iveson et al. 2001). The viscous component, in this instance 
was the serum or water which acted as a binder and a lubricant depending on the amount of viscous 
component that was added. Figure 6.12 schematically describes the proposed changes in behaviour 
of the peas as they undergo the transition from dry powder to a concentrated suspension. In the dry 
powder regime, the pea particles are free flowing. Addition of moisture initiates the granulation 
process. At this stage, the particles can be at different stages of saturation i.e. from pendular, 
funicular to capillary state (Newitt & Conway-Jones 1958). In pendular state, the particles are held 
together by liquid bridges at their contact points whereas in capillary state, the particle is saturated 
and the voids between the particles are filled with liquid. Funicular state is the transition between 
pendular and capillary state (Iveson et al. 2001).  These different stages are included in the 
granulation stage in Figure 6.12. The granulated particles formed large agglomerates under 
consolidation stress increasing the cohesiveness and reducing the flowability of powdered peas. 
Further increase in moisture content results in softening of the particles and the transition from a 
non-deformable (freeze-dried peas) to a deformable particle state (wet paste-like freeze-dried peas 
and centrifuged peas). These deformable pea particles coalesce under consolidation stress and 
deform into more compact structures, filling any pores or cavities between particles and 
agglomerates. 
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Figure 6.10: Flowability of freeze-dried (●) and centrifuged peas (○) from dry powder to 
suspension regime 
  
 
 
  
Figure 6.11: Cohesiveness of freeze-dried (●) and centrifuged peas (○) from dry powder to 
suspension regime 
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The particles are unable to move without disturbing their neighbouring particles resulting in 
increasing the cohesiveness and decreasing the flowability of the pea particle. At a critical moisture 
content (approximately 73%) the particles are well lubricated with increased mobility and hence are 
able to slide past each other, reducing the cohesiveness and increasing the flowability. At this stage, 
the soft pea particles are in a concentrated suspension regime where the particles can be considered 
to be dispersed in a continuous phase of serum (Figure 6.12).  
 
Figure 6.12: Proposed behaviour of comminuted peas as they undergo phase transition from a dry 
powder to a concentrated suspension 
 
Figure 6.10 and Figure 6.11 also show that small increase in total moisture content (2 to 5%) had a 
significant impact in the dry powder and concentrated suspension regimes compared to the wet 
powder regime. For example a 5% increase in total moisture in the dry regime decreased the 
flowability of freeze-dried peas from 10.33 to 6.36 (i.e. 38% reduction) and increased the 
cohesiveness from 91 to 151 Pa (i.e. 66% increase) whereas a 12% increase in total moisture in the 
wet powder regime only decreased the flowability from 2.04 to 2.0 (i.e. 2% reduction) and 
negligibly decreased cohesiveness from 518 to 520 Pa (i.e.  0.4% reduction). Therefore, it can be 
hypothesised that in the wet powder regime, the pea particles are going through a phase transition 
from a hard to a soft particle. Soft particles are able to pack well beyond random close packing, as 
they are able to undergo plastic deformation and form more compact structures. This is reflected in 
Figure 6.13 which shows the changes in the bulk density of freeze-dried and centrifuged peas after 
being subjected to consolidation stress, as measured in the ring shear tester (actual data is presented 
in Appendix Table A6.1 and A6.2). There were negligible changes in the bulk density until the 
moisture content was increased to approximately 43%, after which the bulk density started to 
increase. This may indicate the change in the firmness of the freeze-dried particles. Above 65% 
moisture there was a rapid increase in bulk density and it continued to increase at all measured data 
points after that. The transition at 65% moisture content for freeze-dried peas probably indicates 
that the peas particle were fully hydrated and hence were able to deform and pack into more 
compact structures which is reflected in the rapid increase in the bulk density. At this paste-like 
state, the bulk density is close to maximum random packing density (Althaus 2010).  
 
 
 
   
 
 
Dry Granulation Liquid bridge & Coalescence Suspension 
  with increasing moisture content  
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Figure 6.13: Changes in the bulk density grounded freeze-dried (●) and centrifuged peas (○) with 
increasing moisture content, after being subjected to consolidation stress, on the ring shear tester.  
Dotted line indicates moisture content of 73%. 
  
Flowability and cohesiveness data in Figure 6.10 and Figure 6.11 show a transition at 73% moisture 
from a wet powder to a concentrated suspension regime; however the bulk density continued to 
increase as shown in Figure 6.13. This could be due to the added moisture filling any voids between 
particles (packed beyond random close packing) but also providing sufficient lubrication for the 
particle to slide past each other; hence an increase in density and flowability, and decrease in 
cohesiveness. Figure 6.13 also shows that the bulk density of centrifuged peas and fully hydrated 
freeze-dried peas were similar. This is because the bulk density of centrifuged peas and hydrated 
freeze-dried peas was determined from a consolidated or compacted sample. Under consolidation, 
these pea particles underwent plastic deformation and did not recover elastically, forming a large 
agglomerate. Hence, the size and distribution of individual particles composing hydrated freeze-
dried peas and centrifuged peas did not have an effect on the packing. 
Rondet et al. (2013) observed similar behaviour to pea particles with semolina agglomerates (Figure 
6.14). In this study the moisture content of semolina powder was gradually increased and the 
friction coefficient and cohesion of semolina aggregates were measured using a powder rheometer 
(FT4 Freeman Technology, UK). They found that up to a moisture content of 21%, there was not 
sufficient moisture to form capillary bonds between semolina particles. However, as the moisture 
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content of semolina was increased, the size of agglomerates increased mainly due to capillary 
interactions. The increased cohesion between agglomerates resulted in a gradual progression to 
plastic behaviour (Rondet, Ruiz & Cuq 2013). As the water content exceeded the plastic limit of 
52% moisture, agglomerates coalesced to form a dough (Figure 6.14). The freeze-dried peas 
exhibited similar behaviour to semolina in that increasing the moisture content resulted in 
increasing the size of the pea particle agglomerates (observed visually only) until they coalesced 
under consolidation stress to form a paste.  
 
 
Figure 6.14: Flowability of semolina (reproduced from Rondet et al., 2013)  
 
6.3.4 Flowability and cohesiveness of centrifuged peas with increasing serum viscosity 
Centrifuged peas were diluted by 10 to 40 wt% using three different viscous components: pea 
serum, 2% pectin solution and 85% glycerol solution to determine the impact of the viscosity of the 
continuous phase on the flowability of centrifuged peas. It was hypothesised that higher viscosity, 
viscous component would increase the cohesiveness of centrifuged peas. Pea serum (pea serum was 
extracted as the liquid phase after centrifugation during the preparation of centrifuged peas) was 
included as a control whereas 2% pectin solution and 85% glycerol solution were used to increase 
the viscosity of the serum phase (i.e. continuous phase). Figure 6.15 shows the viscosity of pea 
serum, 2% pectin solution and 85% glycerol over a range of shear rates. As can be seen pea serum  
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Figure 6.15: Viscosity of pea serum, 2% pectin solution and 85% glycerol solution. 2% pectin 
solution and 85% glycerol solution were used as viscous components to increase the viscosity of 
continuous phase in centrifuged peas. The viscosity of the pea serum containing 2% pectin or 85% 
glycerol solution was not measured. 
  
was shear thinning, and its viscosity was over an order of magnitude lower than 2% pectin solution 
or 85% glycerol solution. The viscosities of pectin and glycerol solutions were similar, however 2% 
pectin solution showed a shear thinning behaviour whereas 85% glycerol was Newtonian. 2% 
pectin solution and 85% glycerol were selected to determine if solutions of similar viscosities would 
have similar effects on the flowability and cohesiveness of centrifuged peas, when measured on the 
ring shear tester. 
Unfortunately the majority of data for centrifuged peas diluted with 2% pectin solution could not be 
collected on the ring shear tester. When consolidations stresses were applied to pea samples 
containing 2% pectin solution, some of the viscous component (mixture of pea serum and pectin 
solution) was squeezed out as shown in the photo in Figure 6.16. It is proposed that this layer of 
viscous component around the lid of the ring shear tester caused the slippage of the lid, such that the 
sample could not be consolidated, which is the initial step in the ring shear measurements. Due to 
these issues, only two data points could be obtained for 2% pectin solution samples. Hence, the 2% 
pectin solution data is not reported in this section. Although the viscosity of 85% glycerol solution 
was similar to 2% pectin solution, there were no issues with phase separation, and data could be 
collected for each addition level.  
0.001
0.01
0.1
1
1 10 100 1000 10000
V
is
c
o
s
it
y
 (
P
a
.s
)
Shear Rate (s-1)
Pea Serum 
2% Pectin solution
85% Glycerol solution
137 
 
Figure 6.16 and Figure 6.17 shows flowability and cohesiveness data for centrifuged peas diluted 
with pea serum (control) and 85% glycerol solution. Data in Figure 6.16 and Figure 6.17 are 
presented in terms of the weight percent of the either pea serum or 85% glycerol serum, instead of 
total moisture content. This is because boiling point of glycerol is 290°C which means that it does 
not evaporate like water during the test on the moisture analyser. Hence 85% glycerol samples had 
much higher “dry” weight compared to samples diluted with serum. Therefore, it was more 
appropriate to compare the effect of the viscous component based on addition level rather than on 
total moisture content. The total moisture content of centrifuged peas diluted with pea serum can be 
seen in Appendix Table A6.1.   
Figure 6.16 shows that the flowability of centrifuged peas diluted with either pea serum or 85% 
glycerol solution was similar up to addition levels of 30%. Above 30%, the flowability factor 
increased for both samples of peas. The flowability factor for peas diluted with serum and 85% 
glycerol solution was only significantly different (p<0.05) at 10% and 30% addition levels, where  
peas diluted with 85% glycerol had lower flowability than those diluted with serum. These results 
indicate that 85% glycerol solution increased the viscosity of the continuous phase making the pea 
particles less flowable and more cohesive (stickier). The cohesiveness data in Figure 6.17 supports 
the flowability data, in that the cohesiveness starts to decrease above 25% addition level. This 
indicates that as the peas became less cohesiveness they became more flowable.  
According to Iverson et al. (2001) the amount and viscosity of continuous phase both have an effect 
on the granulation and agglomeration of particles. Binder viscosity affects the dispersion of the 
binder within the matrix, as well as consolidation and growth of the granule. Increasing the 
viscosity of the viscous component reduces the growth of the granule due to poor dispersion; 
however it increases the granule strength and promotes coalescence (Iveson et al. 2001). Although 
centrifuged peas are not dry powders, the observed effect of the viscosity of the continuous phase in 
dry powders is still relevant to centrifuged peas. Addition of a viscous binder such as 85% glycerol 
solution (viscosity ~100 mPa s) increased the viscosity of the continuous phase, which increased the 
viscous forces or cohesion between the centrifuged pea particles. Hence, higher shear forces were 
required to overcome the viscous forces between the particles and agglomerates to achieve the yield 
point (flow). Although Figure 6.17 shows that the mean cohesiveness value for centrifuged pea 
diluted with 85% glycerol solution were higher at all measured addition levels, this effect was only 
significant (p<0.05) at 30% addition level. Unfortunately, the effect of increasing the viscosity of 
the viscous phase on flowability and cohesiveness of centrifuged peas could not be demonstrated 
conclusively using the ring shear tester. This could be due to the fact that the samples were too 
moist or had a high percentage of viscous phase, resulting in poor consolidation of the samples 
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under normal stress, which could have led to potential errors in data. The effect of the increasing the 
viscosity of the viscous component may be better demonstrated, by using freeze-dried and ground 
peas as the starting raw material. 
 
  
Figure 6.16: Flowability of centrifuged peas diluted with pea serum and 85% glycerol solution. The 
photo shows the phase separation of viscous component at high addition levels and consolidation 
stresses, which lead to the slippage of the lid on the ring shear tester 
  
 
Figure 6.17: Cohesiveness of centrifuged peas diluted with serum and glycerol 
0
0.5
1
1.5
2
2.5
3
0 10 20 30 40 50
F
lo
w
a
b
il
it
y
 F
a
c
to
r 
 f
fc
 (
-)
Additon Level (%)
Pea Serum
85% Glycerol solution
0
200
400
600
800
1000
1200
0 10 20 30 40 50
C
o
h
e
s
iv
e
n
e
s
s
 (
P
a
)
Addition Level (%)
Pea Serum
85% Glycerol solution
139 
 
6.4 Concluding remarks  
In this chapter, we investigated if the ring shear tester could be adapted to measure cohesiveness, as 
an intrinsic property of a soft food material, by utilising the same techniques currently used to 
characterise the cohesiveness of dry and wet powders. We were able measure cohesiveness of 
centrifuged and freeze-dried and ground peas at moisture content greater than 67%, which is 
considerably higher than the “wet” powders (~25%) that the equipment was designed for. In ring 
shear tester, all the samples are preconsolidated at the same normal stress, so it can be assumed that 
there is maximum cohesion between the particles prior to yielding. Therefore, the unconfined shear 
stress i.e. shear stress needed to flow when normal stress is zero, reflects the internal binding 
between the particles which needs to be overcome before the sample could flow, which in this 
instance we refer to as the “cohesiveness” of the sample. This definition of cohesiveness as 
“internal binding/bonding between the particles” has also been used to describe cohesiveness 
measured using the TPA test (Rosenthal 1999) and to relate yield stress measurements to sensory 
cohesiveness (Nakauma et al. 2011). One of the main differences between yield stress measured on 
a rheometer and the ring shear tester is that in the ring shear, the sample is consolidated or 
compressed to the same normal stress prior to yielding, whereas in the rheometer, the sample is not 
consolidated. It is plausible that due to the consolidation of the sample prior to yielding, the 
reproducibility of the data on the ring shear tester is more consistent (Figure 6.7) than TPA 
cohesiveness or yield stress measured in a rheometer, as shown in Figure 5.4. Unfortunately, TPA 
cohesiveness was not measured for these samples, so it is not possible to compare or discriminate 
between cohesiveness value measured using the ring shear tester and a texture analyser or relate 
these to sensory perception of cohesiveness. 
Based on our findings, we believe that the ring shear tester can be used to measure cohesiveness of 
high moisture particulated foods within some limitations. Firstly at high moisture content (above 
66.8%), there is high probability of phase separation between the solids (pea particles) and the 
liquid (serum or other viscosity modifiers) phase. The slip layer (liquid phase) at the lid made it 
difficult to consolidate the sample (lid kept slipping) which resulted in obtaining either inaccurate or 
no data at all. The soft particles and the liquid in the interstitial spaces reduced the friction between 
the particles and this also made it difficult to consolidate the sample. Therefore, there maybe a 
critical moisture content limit for soft foods, if their cohesiveness was to be determined using the 
ring shear tester. Secondly the science, equations and calculations for ring shear are based on hard 
particles with low moisture content therefore assuming that there is a direct relationship between 
hard particles and soft particles could be misleading. However, the findings in this chapter showed 
similar trends in flow behaviours and cohesiveness between freeze-dried (hard particles) and 
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centrifuged (soft particles) peas, which also related well to visual observations. So if used within 
some of these limitations ring shear tester can provide an alternative method of measuring 
cohesiveness in wet particulated system such as comminuted peas. 
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CHAPTER 7 
 
7 Sensory evaluation to determine factors contributing to ease of 
swallow 
 
 
7.1 Introduction 
Oral processing is a complex process and various product parameters such as particle size, yield 
stress, viscosity, adhesiveness and cohesiveness of the bolus all contribute to the perceived sensory 
texture during mastication and swallow (Chen & Stokes 2012). Normal food swallowing involves 
transporting a food bolus from the mouth to the pharynx and then from the oesophagus to the 
stomach (Logemann 1998).  This complex process is coordinated by a  combination of  25 pair of 
voluntary and involuntary muscles, and sequential propulsive pressure (Leonard & Kendall 2008). 
In people suffering from dysphagia, the swallowing process is not well coordinated which can lead 
to choking or aspiration.  Therefore, dysphagia sufferers are recommended to thicken fluids in order 
to alter the speed at which the bolus flows to the pharynx, allowing sufficient time for the swallow 
reflex and closure of the airway. For solid foods, minced and pureed foods (texture modified foods) 
are used to minimise any choking hazards. 
Solid foods are formed into a bolus of suitable size for swallowing by chewing or mastication.  The 
two main functions of mastication are particle size reduction and lubrication with saliva (Hoebler et 
al. 2000; Hutchings & Lillford 1988; Prinz & Lucas 1995). Mastication involves multiple fractures 
of the food until the particle size is reduced sufficiently for a safe swallow. Saliva acts to aggregate 
these particles into a bolus. When the bolus is perceived to reach optimum cohesiveness, the 
swallow reflex is initiated and the entire bolus is swallowed as a cohesive mass (Lucas et al. 2004). 
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Mincing and pureeing of foods eliminates the mastication phase of oral processing, however the 
food still needs to be mixed with saliva to form a cohesive bolus.  In the “optimum swallow” model 
by Prinz and Lucas (1997) peak cohesive force which binds the food particles together to form a 
coherent bolus is proposed to be the trigger for swallowing.  Cohesiveness of the bolus is deemed to 
be an important parameter for swallowing by many researchers (Funami et al. 2012; Ishihara et al. 
2011; Nakauma et al. 2011; Prinz & Lucas 1995; Prinz & Lucas 1997) because the food bolus has 
to cross the airway as a whole on its way to the pharynx.   Fracturing of the bolus at this stage could 
lead to inhaling the food into the airway as it opens after the swallow. Yield stress has also been 
described as a measure of cohesiveness in terms of the force required to break the internal binding 
between food particles (cohesive force) to initiate flow (Nakauma et al. 2011). Particle size 
distribution also plays an important role in the cohesiveness of a bolus as it determines how well the 
particles pack as they are pressed by the tongue against the hard palate, while being diluted with the 
saliva during oral processing (Prinz & Lucas 1997).  Therefore cohesiveness of the bolus, which is 
affected by particle size distribution, yield stress and lubrication, seems to be a critical parameter 
for swallowing. 
Studies on dysphagia often focus on the palatability of the food based on texture and flavour 
characteristics as well as on the presentation of the food i.e. moulding of the pureed food back into 
its original shape (Germain, Dufresne & Gray-Donald 2006; Keller et al. 2012b) with the objective 
to increase food intake. However, a comprehensive study on the sensory and rheological attributes 
that enable these comminuted foods to be perceived as easy to swallow has not yet been conducted.  
Understanding which food attributes are responsible for ease of swallow could give insights on how 
to design these products, which could lead to an increase in food intake by dysphagia sufferers.  
In this chapter we investigate the multivariate effect of particle size, yield stress and the viscosity of 
the serum phase on the ease of swallow. In this research, ease of swallow is described as an overall 
perception of eating a mouthful of food i.e. from placing the food in the mouth, chewing and mixing 
with saliva and swallowing the resulting bolus. It is hypothesised that a combination of these three 
parameters are responsible for an overall perception of ease of swallow. Yield stress is described as 
the critical stress at which a material starts to flow.  From an oral processing perspective yield stress 
is related to the initial perception of the food i.e. the initial force required to compress the bolus 
against the palate. Yield stress may also indicate the subsequent manipulation of the bolus that may 
be required.  Cohesiveness of the bolus is a critical parameter for triggering a swallow response, 
hence it is hypothesised that increasing the viscosity of the serum phase would increase the 
cohesive forces between the particles which would result in a cohesive bolus that would be easier to 
swallow.  Particle size impacts on the degree to which a bolus would disperse i.e. large particles 
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would disperse more easily, and hence more effort would be required to gather the particles to form 
a cohesive bolus. Larger particles may also require further chewing to form a safe to swallow bolus. 
The aims of this study were to: 
 determine the relative importance of various product attributes (particle size, yield stress and 
viscosity of the serum phase) that contribute to ease of swallow for healthy subjects; 
 determine the relationship between rheological factors and sensory texture properties that 
contribute to ease of swallow; 
 determine the physical and rheological characteristics of comminuted peas that contribute to 
ease of swallow. 
 
 
7.2 Experimental 
7.2.1 Materials 
Green Peas 
In this study, Edgells peas were cooked, frozen and fractured as described in Section 3.3.1 and 
Section 3.3.2 to prepare large- and small-fractured peas.  Large-fractured peas represented the 
minced or Texture B peas and small-fractured peas represented pureed or Texture C peas as 
described in the Australian Standards for Texture Modified Foods and Fluids (Cichero et al. 2007). 
In order to prepare the “Mixed” peas as described in Table 7.1, equal quantities of large- and small-
fractured peas were weighed and thoroughly mixed together.  Frozen, fractured peas were in the 
form of free-flow particles hence it was easier to achieve even mixing of the large- and small-
fractured peas.  All peas were thawed in a 2°C chiller overnight. Freeze-fractured peas were 
selected for this study instead of minced and pureed peas for product consistency (same batch of 
product for the entire two week sensory trial) and microbiological safety. 
Pectin 
In this experiment high methylester citrus pectin with a degree of esterification of 68 – 76% (kindly 
supplied by Hawkins Watts Australia Pty) was used as a thickening agent to increase the viscosity 
of the serum phase in the comminuted peas. Pectin solutions of 2, 4 and 8 wt% concentration were 
prepared using the method described in Section 3.2.2.  
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7.2.2 Experimental Design 
In order to verify the hypothesis, an experimental plan consisting of two parts was designed.  Part 1 
was a factorial experiment consisting of three variables: yield stress, particle size and the viscosity 
of the serum phase to determine their effect on sensory perception and ease of swallow. Part 2 was 
designed to evaluate the effect of changing the viscosity of the serum phase using increasing 
concentrations of pectin (viscous component).  The experimental design for Part 1 and Part 2 are 
detailed in Table 7.1 and Table 7.2. 
7.2.2.1 Part 1: Effect of product parameters on sensory perception 
Three variables, yield stress, particle size and viscous component (to alter the viscosity of the serum 
phase) were evaluated at different levels: 
 Yield stress – 500 and 200 Pa (2 levels) 
 Particle size – Large, Small and Mixed (3 levels) 
 Viscous component – water and 4% pectin solution (2 levels) 
Yield stresses of 500 and 200 Pa were selected as these had clear differences in firmness perception 
between the samples.  At 500 Pa the fractured peas behaved as a soft-solid, maintaining its shape 
when scooped onto a plate and did not collapse or flow under its own weight (Figure 7.1, photo A).  
At 200 Pa the fractured peas still behaved as a soft-solid, but showed some syneresis and a slight 
collapse in structure over time (Figure 7.1, photo B and C). For sensory evaluation all samples were 
served in a 15 ml cup and any collapse in structure or syneresis was not evident to the panellists 
(Figure 7.1, photo D). Samples were adjusted to either 500 Pa or 200 Pa yield stress using the 
required amount of either water or 4% pectin solution as outlined in Appendix Table A7.1.  
Large- and small-fractured peas and 50:50 mixed peas were selected to determine the effect of 
particle size on oral perception and ease of swallowing. Large- and small-fractured peas were 
selected to represent minced (Texture B) and pureed (Texture C) peas respectively as these texture 
standards are commonly used in preparing texture modified foods. One of the purposes of the 50:50 
mixed sample was to determine if texture modification could be achieved by manipulating the 
packing of the pea particles, by increasing the particle size distribution due to mixing of large and 
small-fractured peas together.  Samples with broad particle size distribution have been shown to 
pack better as smaller particles are able to fill the inter-particle spaces (Barnes, Hutton & Walters 
1989) The particle size differences will be referred to as “large-fractured”, “50:50 mixed” and 
“small-fractured” for the remainder of this chapter. 
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Table 7.1: Experimental design and samples for Part 1 - Factorial Design 
Sample 
 
Sample 
Code 
Yield Stress 
(Pa) 
Particle 
size 
Viscous 
Component 
1 500-L-W 500 Large Water 
2 500-S-W 500 Small Water 
3 500-M-W 500 Mixed Water 
4 500-L-P 500 Large 4% pectin solution 
5 500-S-P 500 Small 4% pectin solution 
6 500-M-P 500 Mixed 4% pectin solution 
7 200-L-W 200 Large Water 
8 200-S-W 200 Small Water 
9 200-M-W 200 Mixed Water 
10 200-L-P 200 Large 4% pectin solution 
11 200-S-P 200 Small 4% pectin solution 
12 200-M-P 200 Mixed 4% pectin solution 
 
 
Figure 7.1: Large-fractured peas adjusted to yield stress of 500 Pa (A) and 200 Pa (B) 
Photo C shows the slight slump in the 200 Pa peas scooped onto a dish and Photo D shows how the 
pea samples were presented to the panellist for sensory evaluation. 
 
 
The viscosity of the serum phase of the comminuted peas was manipulated by addition of two 
viscous components – either water or 4% pectin solution. The viscosity of water is 1 mPa s, 
whereas that of 4% pectin solution was approximately 800 mPa s at 50 s
-1
 as shown in Figure 7.2. 
Increasing the viscosity of the serum phase using pectin was hypothesised to increase the viscous 
forces between the particles, forming a more cohesive product which would be easier to swallow. 
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7.2.2.2 Part 2: Effect of viscosity of the serum phase on sensory perception and ease of 
swallow 
In this experiment only large-fractured peas were used and the yield stress of all samples was 
adjusted to approximately 200 Pa using water, 2, 4 and 8% pectin solution as outlined in Table 7.2. 
Figure 7.2 shows the viscosity of the four viscous components (water, 2, 4 and 8% pectin solutions) 
that were used to increase the viscosity of the serum phase in the peas.  As can be seen from Figure 
7.2 the viscosity of pectin solutions increased by at least an order of a magnitude with increasing 
pectin concentration, however their behaviour was largely Newtonian. This level of increase in 
viscosity was essential as the aim of this experiment was to evaluate the effect of increasing serum 
viscosity on bolus formation and ease of swallow. 
Table 7.2: Part 2 – Effect of changing the viscosity of the serum phase 
Sample 
 
Code 
 
Yield 
Stress 
Particle 
size 
Viscous 
Component 
13 200-L-0% 200 Large Water 
14 200-L-2% 200 Large 2% pectin solution 
15 200-L-4% 200 Large 4% pectin solution 
16 200-L-8% 200 Large 8% pectin solution 
 
 
 
Figure 7.2: Flow behaviour of water and different concentrations of pectin solutions used to adjust 
the viscosity of the serum phase of large-fractured peas. The steady shear viscosity was measured 
using cone and plate geometry on a TA G2 rheometer. 
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7.2.3 Preparation of Peas Samples for Sensory 
Large, Small and Mixed peas were mixed with either water or pectin solution to produce a total of 
300 g of either 200 Pa or 500 Pa yield stress sample as detailed in Table 7.1 and Table 7.2. The 
exact formulation for each of the sample is outlined in Appendix Table A7.1 and Table A7.2. 
Samples were prepared on the day of each of the sensory sessions. Each sample was filled into 20 x 
15 ml plastic cup (15.13 ± 0.25 g) and placed into a 25°C cabinet to equilibrate to room temperature 
for approximately 1 hour until required for sensory evaluation. 
7.2.4 Methodology for characterisation of rheological and physical properties  
The rheological and physical characterisation of comminuted peas samples evaluated in this chapter 
was conducted using various techniques described in Chapter 3.  
 Dynamic modulus – elastic and viscous (G´ and G˝)  as well as yield stress was measured using 
the 22 mm vane geometry and 44 mm serrated cup on a stress-controlled TA1500 rheometer as 
detailed in Section 3.3.3. 
 The flow curves for the four samples in Part 2 of the experiment were measured with 22 mm 
vane geometry and 44 mm serrated cup on a stress-controlled TA1500 rheometer using the 
methodology described in Section 3.3.3. 
 The viscosity of the pectin solutions and serum were measured using the 60 mm, 1° angle and 
24 µm truncation cone and plate geometry.  The details of the methodology are described in 
Section 3.3.3. The viscosity at 50 s
-1
 was obtained by interpolation using a power law model.  
 Particle size distribution was determined using wet-sieving and Mastersizer method as described 
in Section 3.3.4 and Section 3.3.5.  Based on the size distributions, the median particle diameter 
of 500, 375 and 250 µm was selected for large-, mixed and small-fractured peas respectively.  
 Moisture content of the samples was measured using the vacuum drying method (Section 3.3.7). 
 Serum content was determined using the centrifugation method (Section 3.3.8). 
 
7.2.5 Methodology for descriptive sensory analysis 
All sensory testing was conducted at the CSIRO sensory laboratory at the North Ryde, NSW which 
is designed in accordance with International Standards on Sensory Analysis (ISO 6658:1985). The 
trained sensory panel consisted of ten assessors (nine females, one male; average age = 52 years; 
age range = 45 to 64 years) with normal chewing and swallowing abilities recruited from the regular 
group of trained panellists employed by CSIRO. The sensory panel developed a specific vocabulary 
that best described the textural and mouthfeel properties of the pea samples.  Over five training 
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sessions and through repeated exposure to each of the 16 samples, the panel obtained consensus on 
the definitions of the sensory texture attributes, their anchors and developed a standardised method 
of assessment to minimise variation between assessors. The final descriptive vocabulary consisted 
of eight attributes (Table 7.3), which were consistent with previous studies on the characterisation 
of foods for patients with dysphagia (Garcia & Chambers 2010). The definitions of the attributes 
and the method to assess them were very specific in order to allow correlations with 
instrumental/rheology measures.  
During evaluation each panellist was presented with two, 15 ml cups containing approximately 15 g 
of pea sample.  Panellists were asked to take half the sample (approximately 7.5 g) from the cup and 
follow a standardised method of assessment to evaluate the attributes in a specific order. Three 
spoonfuls of peas were required to complete the assessment of each sample.  Panellists were asked 
to cleanse their palate with water after each spoonful.  
The initial spoonful was to evaluate ease of swallow as a holistic measure of how easy the sample 
was to swallow with normal manipulation. Ease of swallow was defined as the overall effort 
required to prepare the bolus and to swallow naturally.  During this initial assessment panellist were 
asked to also record the time to swallow from the moment the sample was placed in their mouth to 
the moment the bulk of the sample was swallowed, using a stopwatch.  
The next two spoonfuls of peas were to assess all sensory attributes that characterised the texture, 
mouthfeel and bolus formation properties of the samples. With the second spoonful, the panellist 
pressed the sample against their palate with their tongue and assessed resistance to compression and 
moistness of mass, after which they rubbed the sample against their palate to assess cohesiveness 
and adhesiveness of the samples. Following the assessment of these four attributes the sample was 
too diluted with saliva to effectively evaluate the remaining attributes.  With the third spoonful, the 
panellist assessed smoothness and the ratio of large to small particles by rubbing the sample with 
their tongue against the palate.  Just prior to swallowing they assessed the effort required to prepare 
to swallow i.e. effort to prepare a bolus that can be comfortably swallowed. After swallowing the 
third spoonful, panellist assessed the amount of residues remaining in mouth.  
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Table 7.3: Definition of sensory attributes and methods of assessment 
Sensory Attribute Definition Anchors 
1
st
 spoonful – consume and swallow naturally 
Ease of swallow The overall effort required to prepare and 
swallow the sample naturally. The 
assessment is made when the bulk of the 
sample has been swallowed.  
from low (easy) to 
high (difficult)# 
Time to swallow The total time (seconds) required to 
prepare and swallow the bulk of the 
sample 
 
2
nd
 spoonful – first compression and rubbing the sample with the tongue against the palate 
Resistance to compression The force and effort required to press the 
sample between tongue and palate 
from low to high 
Moistness of mass The amount of liquid in the sample 
perceived during its first compression. 
from dry to moist 
Cohesiveness  The degree to which the mass holds 
together in the mouth during its 
manipulation.  
from low (dispersed) 
to high (cohesive) 
Adhesiveness The amount of force to remove the 
sample from oral surfaces (roof of mouth 
or teeth). 
from low to high 
3
rd
 spoonful – rubbing the sample with the tongue against the palate & just before swallowing 
Smoothness The perceived velvety, silky feeling of 
the sample. 
from low (rough) to 
high (smooth) 
Ratio large to small 
particles 
The proportion of large particles felt with 
the oral surfaces of the mouth compared 
to small particles. 
from low (not many 
large particles) 
to high (a lot of large 
particles) 
Effort required to prepare 
to swallow 
The degree of effort required to prepare 
the sample for swallowing. 
from low (easy) to 
high (difficult) 
After swallowing 
Residues (in mouth) The amount of particles left in the mouth 
after swallowing  
from none to a lot.  
Note:# Ease of swallow (EOS) was defined and rated as the “the effort” required to prepare and 
swallow the sample naturally i.e. low = easy to swallow, high = difficult to swallow. This was 
determined in consultation with the panel to be the most intuitive for rating purposes. During 
analysis of the data the EOS values were reversed such that high EOS was easy to swallow and 
low EOS was difficult to swallow. 
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Sensory attributes were rated on 100 mm unstructured line scales anchored at 5% and 95%. 
Samples for Part 1 (Table 7.1) were assessed in duplicate over two days. Samples for Part 2 (Table 
7.2) were assessed in triplicate in one day. Experimental samples were blind-coded with random 3-
digit codes and the order of presentation was randomised for each panellist to account for first order 
and carryover effects. The experimental design was produced using the design generation package – 
CycDesigN (Whitaker, D. Williams, E.R. and John, J.A. (2002) CycDesigN Version 2: A package 
for the computer generation of Experimental Designs. CSIRO, Canberra, Australia). Panellists were 
served samples using a monadic sequential design with evaluation performed in individual sensory 
booths under white light. Data was collected using automated data acquisition software 
(Compusense® five, release 5.2, Compusense Inc., Guelph, ON, Canada). To avoid sensory fatigue 
and between-sample carry over, a one-minute inter-stimulus interval was imposed between samples 
using water as a palate cleanser.  
7.2.6 Sensory Data Analysis 
The quantitative ratings for each sensory attribute (0-100) were collated and analysed using analysis 
of variance (ANOVA) with sample (Part 1 n = 12; Part 2 n = 4) and assessor (n = 10) as main fixed 
treatment factors and attributes as dependant variables. For Part 1, ANOVA was performed to test 
for the effects of and interactions between particle size (n = 3), yield stress (n = 2) and pectin (n = 
2) as fixed factors for each sensory attribute (dependant variables), according to experimental 
design. ANOVA were performed using SPSS (IMB SPSS Statistics v20.0, 2011). For all analyses, a 
confidence interval of 5% was chosen as criterion for statistical significance (p < 0.05). Post-hoc 
multiple comparison tests were carried out using Fisher’s Least Significant Difference (LSD) to 
determine significant differences (p < 0.05) between sample means using XLSTAT (v2009.4.02; 
Addinsoft, Paris, France). 
Standardised principal component analysis (PCA) was conducted using PanelCheck (v1.4.0 Beta 4, 
Nofima, Norway, www.panelcheck.com) to summarise the similarities and differences across the 
samples and to visualise the relationships between the samples and the sensory and physico-
chemical properties. Correlations were calculated on sample means data at 1% significance, using 
Pearson’s correlation coefficients using XLSTAT.  
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7.3 Results and Discussion 
The results and discussions are separated into Part 1 and Part 2 as per the experimental design. For 
each part, the measured rheological and physical data is summarised initially followed by related 
sensory data and discussion.  
7.3.1 Rheological and physical properties of peas samples – Part 1 
The three products variables - yield stress, particle size and the viscosity of the serum phase were 
measured using rheological and other objective techniques.  The results from these measurements 
are summarised in Table 7.4 and were used to correlate with the sensory attributes obtained from a 
descriptive sensory panel.   
Table 7.4: Measured rheological and objective measurements on the pea samples  
 
7.3.1.1 Elastic and viscous modulus of pea samples 
In this research, yield stress was directly related to the elastic and viscous modulus of the samples.  
All the samples were adjusted to yield stress of either 500 Pa or 200 Pa by manipulating the solid to 
liquid ratio. Figure 7.3 and Figure 7.4 show that all the 500 Pa and 200 Pa yield stress samples had 
similar elastic (G´) and viscous (G˝) modulus. In Figure 7.3 and Figure 7.4, L, M and S are large-, 
mixed and small-fractured peas respectively and P and W indicate if the yield stress of the sample 
was adjusted using 4% pectin solution or water respectively. 
Sample 
 
Sample   
Code 
Yield 
Stress   
(Pa) 
Total 
Solids 
(%) 
Serum 
Content 
(%) 
Serum 
Viscosity          
50s
-1
 (mPa s) 
1 500-L-W 520 ± 10 22.5 42.3 3.1 
2 500-S-W 560 ± 10 24.3 38.0 3.9 
3 500-M-W 610 ± 40 23.7 40.7 3.1 
4 500-L-P 470 ± 20 22.8 42.6 23.2 
5 500-S-P 570 ± 10 24.5 37.5 10.6 
6 500-M-P 600 ± 10 24.5 39.5 18.3 
7 200-L-W 260 ± 10 19.5 47.5 2.6 
8 200-S-W 250 ± 10 20.6 45.9 2.6 
9 200-M-W 270 ± 10 20.4 47.4 3.2 
10 200-L-P 180 ± 10 20.0 50.5 97.5 
11 200-S-P 210 ± 20 21.5 46.8 84.9 
12 200-M-P 240 ± 10 21.3 47.9 77.9 
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Figure 7.3:  Modulus of large- and small-fractured, and 50:50 mixed pea samples adjusted to yield 
stress of 500 Pa using different viscous components.  
 
 
Figure 7.4:  Modulus of large- and small-fractured, and 50:50 mixed pea samples adjusted to yield 
stress of 200 Pa using different particle sizes and viscous components 
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7.3.1.2 Viscosity of the serum phase 
All the pea samples were adjusted to a yield stress of 200 or 500 Pa using different amounts of 
water and 4% pectin solution (Appendix Table A7.1). Each of the 12 samples was centrifuged and 
viscosity of the resulting serum was measured on a stress controlled rheometer using cone and plate 
geometry.  Figure 7.5 shows that all the samples, regardless of yield stress or particle size, when 
adjusted with water (different coloured ♦) had similar viscosities of approximately 2.6 to 3.9 mPa s 
at 50 s
-1
 (Table 7.4). Serum viscosities of the 500 Pa yield stress samples adjusted using 4% pectin 
were 23.2, 18.3 and 10.6 mPa s at 50 s
-1
 (Table 7.4) for large-fractured, 50:50 mixed and small- 
fractured peas respectively.  This is because different amounts of pectin solution were required to 
adjust the yield stress to 500 Pa (10 wt% for large-fractured, 7.5 wt% for 50:50 mixed and 5 wt% 
for small-fractured as shown in Appendix Table A7.1).  Serum viscosities for samples adjusted to a 
yield stress of 200 Pa using 4% pectin were 97.5, 77.9 and 84.9 mPa s at 50 s
-1
 (Table 7.4) for large-
fractured, 50:50 mixed and small fractured peas respectively.  These results show that addition of 
4% pectin solution had a significant effect on increasing the viscosity of the serum phase.  
 
Figure 7.5: Flow behaviour of serum phase of the pea samples - Part 1. 
Serum from large-fractured (●, ●), serum from 50:50 mixed sample (●, ●) and serum from small-
fractured (●, ●). Circles represent samples diluted with pectin and diamonds represent samples 
diluted with water. The darker colours represent serum from samples with yield stress of 200 Pa 
whereas the lighter colours are serum from samples with yield stress of 500 Pa. Dotted line 
represents shear rate of 50 s
-1
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7.3.1.3 Particle size and distribution 
Figure 7.6 shows the particle size distribution of small- and large-fractured peas. As can be seen 
from Figure 7.6 approximately 30% of the particles in large-fractured peas are greater than 1 mm in 
size compared to approximately 13% for small-fractured peas. Mixed pea samples were a 50:50 
mixture of large- and small-fractured peas and hence the particle size distribution was assumed to 
be half way between the distribution of large and small fracture peas. Based on the wet sieving data 
shown in Figure 7.6 the median particle size distribution for large-fractured, small-fractured and 
50:50 mixed peas was 500 µm, 250 µm and 375 µm respectively. 
 
Figure 7.6: Particle size distribution of small and large-fractured peas using wet sieving method 
 
7.3.2 Effect of product variables on sensory perception – Part 1 
All sensory attributes discriminated significantly amongst the twelve samples (p <0.001) as can be 
seen from Table 7.5. The relationship between the samples and the sensory attributes is visually 
summarised in a two dimensional PCA biplot as shown in Figure 7.7. The first and second principal 
component explained 88.6% (PC1: 61.6%, PC2: 27.0%) of the variability amongst the samples. 
PC1 was determined by ease of swallow, and moistness, on the right and resistance to compression, 
effort required to prepare a bolus and time to swallow on the left. PC1 separates the high yield 
stress (500 Pa) samples from low yield stress (200 Pa).  This indicates that, increasing the yield 
stress increases the perception of resistance to compression, effort required to prepare a bolus and 
time to swallow and decreases the perception of ease of swallow and moistness. PC2 was 
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determined by smoothness, ratio of L/S and residues, where smoothness was inversely correlated to 
ratio of L/S and residues.  
In general, samples that are located closely on the map to particular sensory attributes are rated 
higher and are discriminated by that sensory attribute.  For example, sample 200-S-P is close to the 
sensory attribute of smoothness in the PCA bi-plot, hence that sample is perceived to have the 
smoothest mouthfeel, which is also verified by the mean value for smoothness in Table 7.5. 
A further ANOVA was performed to determine the effect of product variables; particle size, yield 
stress and viscous component on the sensory attributes, according to the experimental design.  
These results are summarised in Table 7.6.  
 
Figure 7.7: PCA biplot of sensory and oral processing attributes of pea samples – Part1
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Table 7.5: Sample mean scores for descriptive sensory attributes of pea samples 
 
Values represent panel mean scores (10 assessors x 2 replicates). Different letters in a column indicate significant differences (p<0.05) between 
samples according to the least significant difference (LSD) multiple comparison tests.  
  
Sample 
Code 
Ease of 
swallow 
Time to 
swallow 
Resistance Moistness Cohesiveness Adhesiveness Smoothness Ratio L/S Effort for 
bolus 
Residues 
Sample 1 500-L-W 46.7 efg 13.1  b 68.8 ab 42.0 d 47.6 d 28.1 cd 23.6 h 65.1 ab 52.6 c 51.9 a 
Sample 2 500-S-W 50.3 ef 12.8  b 60.9 c 35.9 ef 52.9 cd 34.0 c 52.9 bc 31.0 e 49.6 c 36.8 ef 
Sample 3 500-M-W 41.9 g 13.5  b 70.0 ab 31.6 ef 56.3 bc 33.1 c 38.9 ef 47.4 c 54.0 bc 46.9 abcd 
Sample 4 500-L-P 33.9 h 15.4  a 73.2 a 35.4 ef 62.9 ab 49.1 b 34.2 fg 62.1 ab 63.8 a 52.7 a 
Sample 5 500-S-P 44.6 fg 12.8  b 65.1 bc 37.2 de 63.7 a 47.1 b 56.8 bc 24.0 ef 55.3 bc 33.1 fg 
Sample 6 500-M-P 42.5 g 13.2  b 68.7 ab 30.7 f 63.6 a 43.4 b 44.0 de 42.5 cd 60.6 ab 42.6 cde 
Sample 7 200-L-W 65.4 bc 10.4  cd 36.5 f 74.2 a 23.5 f 23.9 d 27.6 gh 67.7 a 37.6 de 49.6 abc 
Sample 8 200-S-W 77.9 a 7.8  f 28.2 g 68.4 ab 28.9 ef 23.5 d 66.0 a 17.4 f 21.5 f 28.9 g 
Sample 9 200-M-W 71.4 ab 9.0  ef 33.5 fg 67.0 b 31.2 e 24.8 d 49.1 cd 44.1 cd 31.3 e 44.1 bcd 
Sample 10 200-L-P 53.4 de 11.2  c 49.9 de 57.9 c 54.7 c 59.8 a 44.1 de 59.7 b 54.3 bc 50.9 ab 
Sample 11 200-S-P 59.0 cd 9.8  de 45.1 e 56.5 c 54.5 cd 58.1 a 69.3 a 24.0 ef 39.4 d 30.0 fg 
Sample 12 200-M-P 49.0 efg 11.1  cd 52.9 d 52.2 c 58.5 abc 59.7 a 57.4 b 38.8 d 51.5 c 40.6 de 
 
F-value 26.1 20.4 40.3 54.1 31.4 27.8 29.4 39.7 24.0 11.2 
 
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
  LSD 7.2 1.3 6.9 5.9 7.1 7.6 7.4 7.7 7.2 7.2 
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Table 7.6: Effect of product variables on sensory attributes of pea samples - ANOVA 
 
Values represent the ANOVA statistics (F values, p values) for the significance of the product variables (yield stress, viscosity of serum phase, particle 
size) on sensory attributes (10 assessors x 2 replicates). Bold values represent significant effects (p<0.05). Arrows represent the effect of increasing 
the product variable, on the various sensory attributes. Arrows up (↑) and down (↓) indicate whether the sensory attribute is increased or decreased 
respectively. 
 
    
Ease of 
swallow 
Time to 
swallow 
Resistance Moist Cohesive Adhesive Smooth Ratio 
L/S 
Effort 
for 
bolus 
Residues 
Effect of ↑ 
Yield 
Stress 
F value 97 60 206 239 54 0.8 19 1.5 59 2.2 
p-values <0.001 <0.001 <0.001 <0.001 <0.001 0.38 <0.001 0.23 <0.001 0.14 
 
↓ ↑ ↑ ↓ ↑  ↓  ↑  
 
           Effect of ↑ 
viscosity 
of serum 
phase 
F value 29 5.2 15 11 92 118 8.9 1.7 33 0.4 
p-values <0.001 <0.05 <0.001 0.001 <0.001 <0.001 <0.01 0.20 <0.001 0.54 
 
↓ ↑ ↑ ↓ ↑ ↑ ↑  ↑  
 
           Effect ↑ 
Particle 
Size 
F value 4.8 4.0 3.3 2.7 1.6 0.0 60 149 7.3 31 
p-values <0.01 <0.05 <0.05 0.07 0.21 0.99 <0.001 <0.001 0.001 <0.001 
  ↓ ↑ ↑       ↓ ↑ ↑ ↑ 
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7.3.2.1 Effect of yield stress 
Increasing the yield stress from 200 Pa to 500 Pa significantly decreased ease of swallow, 
moistness, smoothness but significantly increased time to swallow, resistance to compression, 
cohesiveness, and effort required to form a bolus as shown in Table 7.5. Yield stress is described as 
the critical stress required to initiate flow and these results show that samples with higher yield 
stress of 500 Pa had significantly higher resistance to compression, required more effort to form the 
bolus and were more difficult to swallow. This was also reflected by the significantly longer time 
required to swallow the bolus. Samples with higher yield stress (500 Pa) also had higher solids 
content (Table 7.4) and hence a higher phase volume. High phase volume indicates a lower volume 
of continuous phase resulting in low lubrication between particles; consequently these samples were 
perceived as being less moist and smooth, and more cohesive.  
Yield stress had the most significant impact on ease of swallow of the three product variables that 
were evaluated (F=97, p<0.001). It was hypothesised that yield stress would correspond to the 
initial perception of the food as the food is compressed between the tongue and the palate. When the 
yield stress was increased to 500 Pa the sample was perceived to have higher resistance to 
compression. Recent research has found that sensory attributes are determined in a chronological 
order and that bulk and surface attributes such thickness, stickiness and heterogeneity are sensed 
relatively quickly when the food is placed in the mouth and while the bolus is still intact (de Wijk, 
Janssen & Prinz 2011). In contrast, surface attributes such as smoothness, slipperiness and fattiness 
(or creaminess) dominate when the bolus is broken down and diluted with saliva, just prior and after 
swallow. These bulk attributes are also associated with more intense oral movements, as they give 
the initial signal on potential oral manipulation that would be required to from a bolus. 
In this instance resistance to compression can be seen as a bulk attribute which is directly related to 
yield stress. Resistance to compression is positively related to both effort required to form a bolus 
and time to swallow a bolus. Therefore, yield stress can be a good indicator to predict effort 
required to form a bolus and time to swallow in healthy subjects.  
7.3.2.2 Effect of viscosity of the serum phase 
Addition of pectin significantly decreased ease of swallow, and moistness perception but 
significantly increased time to swallow, resistance to compression, cohesiveness, adhesiveness, 
smoothness and effort required to form a bolus as shown in Table 7.6. The mastication and 
swallowing model by Prinz and Lucas (1997), defines the optimum moment for swallow in terms of 
peak cohesive force between food particles.  The purpose of the pectin solution was to form a more 
cohesive product and a cohesive resulting bolus which would enhance the swallowing process. 
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However, addition of pectin resulted in increasing the cohesiveness and adhesiveness of the peas to 
a level that resulted in the bolus sticking to the oral cavity requiring additional effort to remove the 
bolus from oral surfaces (panellist comments) and thereby increasing the time to swallow the bolus. 
Increasing the viscosity of the serum phase using 4% pectin solution had a negative impact on ease 
of swallow.  Serum viscosity impacted on both bulk and surface attributes of the pea samples.  
Addition of pectin increased the cohesiveness and adhesiveness which are similar to bulk and 
surface attributes of thickness and stickiness as described by de Wijk, Janseen & Prinz (2011). 
These bulk attributes were perceived during the initial compression and movement of the sample 
against the palate. Increasing serum viscosity increased both cohesive forces between particles and 
adhesive forces between the bolus and the oral surfaces, which resulted in increasing resistance to 
compression and required additional effort to mix the sample with saliva to form a swallowable 
bolus. Increasing the serum viscosity also increased the smoothness perception which is a surface 
attribute sensed in a degraded food bolus, after longer but less intense oral processing (de Wijk, 
Janssen & Prinz 2011).  The 4% pectin solution was viscous, adhesive and was not highly shear 
thinning (i.e. Newtonian), which leaves a viscous film on oral surfaces, thereby increasing the 
perception of smoothness (p < 0.05). 
7.3.2.3 Effect of particle size 
Increasing the particle size significantly decreased ease of swallow and smoothness but increased 
resistance to compression, time to swallow, ratio L/S particles, effort required to form a bolus and 
amount of residues as shown in Table 7.6. Particle size reduction and lubrication have been 
described as two critical parameters for a swallow reflex to be initiated (Hutchings & Lillford 
1988).  Measurement of particle size distribution showed that nearly 30% of the particles in large-
fractured peas were greater than 1mm (Figure 7.6). These large particles (>1 mm) affected the 
smoothness perception and required further chewing or manipulation of the bolus to achieve 
optimum particle size distribution for a safe swallow.  This additional manipulation of the bolus is 
reflected in increased effort required to prepare a bolus and increased time to swallow. 
The particle size of fractured peas surprisingly had the least effect on ease of swallow. It was 
originally hypothesised that the large-fractured peas, due to higher percentage of particles greater 
than 1 mm would disperse in the mouth making it difficult to form a bolus, but this was not the case 
in this experiment with healthy subjects.  The particle size distribution was sufficient to still form a 
cohesive bolus even with the softest pea sample of large-fractured peas. The bolus did not disperse 
or disintegrate, however samples composed of large-fractured peas needed extra effort to form the 
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bolus (further chewing), and affected the after-feel in the mouth as the amount of residues left in the 
mouth once the bolus was swallowed increased with increasing particle size.    
The dysphagia standards throughout the world (Atherton et al. 2007; British Dietetics Association 
and Royal College of Speech and Language Therapists 2012; National Dysphagia Diet 2002) all 
stipulate particle size (≤ 5 mm for minced foods) as the only criteria for texture modification of 
food for dysphagia, as their main concern is the risk of choking. However, results in Table 7.6 show 
that particle size has the least effect on ease of swallow and that product variables, such as yield 
stress and viscosity of the serum phase had a more significant effect and could be better indicators 
of ease of swallow. 
7.3.2.4 Effect of product variables and their interactions 
ANOVA on all interactions showed that only yield stress and viscosity of the serum phase had a 
significant effect on sensory attributes that were studied (Appendix Table A7.3). This interaction 
was significant for ease of swallow (F=12, p<0.001), resistance to compression (F=18, p<0.001), 
moistness (F=15, p<0.001), cohesiveness (F=25, p<0.001) adhesiveness (F=21, p<0.001) and effort 
required to prepare a bolus (F=7.5, p<0.01), but was not significant for time to swallow, 
smoothness, ratio L/S particles and residues.  
In general the viscosity of the serum phase had less effect on the perceived attributes in high yield 
stress samples (500 Pa). However, as the yield stress of the samples was decreased to 200 Pa using 
water or 4% pectin solution, significant effects of the viscosity of the serum phase on sensory 
attributes were observed. This is because the amount of viscous component at lower yield stress 
samples was 15 wt% higher (Appendix Table A7.1) than in high yield stress (500 Pa) samples. 
Samples adjusted to 200 Pa using 4% pectin were perceived to be more adhesive, cohesive and 
resistant to compression, whereas those adjusted using water were perceived to be moist and easy to 
swallow.  
Increasing yield stress and the viscosity of the serum phase both had a significant negative impact 
on ease of swallow.  Ease of swallow decreased as the yield stress was increased to 500 Pa 
regardless of the viscous component. Samples with high yield stress of 500 Pa had higher 
percentage of total solids hence these samples were perceived to be more resistant to compression 
and required additional oral manipulation to incorporate saliva to form a swallowable bolus. The 
effect of yield stress on ease of swallow was greater for samples containing water compared to 
pectin. This could be due to the low viscosity of water to that of 4% pectin solution.  The low 
viscosity ratio between water and saliva resulted in rapid mixing between the serum phase and 
saliva to form a swallowable bolus, giving the perception that samples diluted with water were 
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easier to swallow. Conversely addition of 4% pectin solution (~800 mPa s) to 200 Pa samples 
increased the serum viscosity of the peas from approximately 2–3 mPa s to 77–97 mPa s, at shear 
rate of 50 s
-1
 (Table 7.6). This increase in the viscous forces between the pea particles, made it 
difficult to break-up the pea sample in the mouth and dilute it with saliva. The higher viscosity ratio 
between the serum phase and saliva resulted in 4% pectin containing samples sticking to the oral 
cavity which required additional oral manipulation to dislodge the pea sample from the oral cavity 
and incorporate sufficient saliva to prepare the bolus for swallow. Hence, ease of swallow of 200 Pa 
samples was lower for samples containing 4% pectin solution compared to water.   
There was a significant interaction between yield stress and viscosity of the serum phase on 
moistness. At high yield stresses of 500 Pa, the effect of pectin or water addition on moistness was 
not significant. At yield stress of 200 Pa, the samples adjusted with water were perceived to be 
more moist compared to those containing the same amount of the 4% pectin solution. As mentioned 
earlier 4% pectin solution increased the serum viscosity which increased the viscous forces between 
the particles, hence the structure of the peas containing 4% pectin solution did not breakup or mix 
easily with the saliva during oral manipulation, which lead to a reduced perception of moistness. On 
the other hand samples adjusted with water mixed easily with saliva and were perceived to be more 
moist. 
At low yield stress of 200 Pa, addition of pectin significantly increased resistance to compression, 
cohesiveness and adhesiveness. The 4% pectin solution increased the serum viscosity by 
approximately 80 fold, thereby increasing the viscous force between particles and adhesion to oral 
surfaces which resulted in increasing the effort required to compress the sample against the palate.  
Although increasing yield stress had no significant overall effect on adhesiveness, there was a 
significant interaction (F=21, p<0.001), where adhesiveness increased with samples containing 
water and decreased with samples containing pectin with increasing yield stress.   
7.3.2.5 Correlations between sensory attributes and other physical parameters 
The various correlations between the sensory attributes and physical parameters are presented in 
Appendix Tables A7.4 to A7.6 respectively. Table 7.7 summarises only the significant correlations 
between physical properties and sensory attributes.  
Table 7.7 shows that the rheological parameters of yield stress, elastic and viscous moduli, and total 
solids were positively correlated to sensory attributes of time to swallow and resistance to 
compression. Total solids and viscous moduli were also positively correlated to perceived 
cohesiveness and effort to from a bolus respectively. These parameters were all negatively 
correlated with moistness and ease of swallow although the latter correlation was not significant for 
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yield stress (r=-0.68, p = 0.015). The yield stress and the moduli of the samples were controlled by 
changing the total solids content hence these physical parameters are directly related to each other. 
This relationship is supported by strong positive correlations (r > 0.9 and p<0.0001) between these 
physical parameters (Appendix Table A7.5). The ANOVA showed a strong relationship between 
yield stress and ease of swallow (Table 7.6), however the correlations between these parameters was 
not significant. This poor correlation of yield stress with ease of swallow resulted from addition of 
pectin, especially in the low yield stress samples. Unfortunately, Pearson’s correlation was unable 
to single out the multivariate effects of yield stress and pectin which was identified in the ANOVA. 
The amount of serum was only significantly and positively correlated to the sensory perception of 
moistness, indicating that as the proportion of liquid phase was increased (i.e. lower phase volume) 
by adding water or 4% pectin solution, the peas were perceived to be more moist. This is also 
supported by the strong negative correlation (r > 0.9 and p<0.0001) of the serum content to total 
solids (amount of moisture in the pea sample), yield stress and elastic and viscous moduli 
(Appendix Table A7.5). This indicates that increasing the serum content (liquid phase) decreased 
the total solids content (solid phase), which resulted in decreasing the yield stress of the samples as 
well as their moduli. The samples with higher serum content, lower solids content, yield stress and 
moduli were perceived to be moister. Therefore serum content is directly related to moistness 
perception. 
The serum viscosity was positively correlated to the sensory perception of adhesiveness as 
increasing the serum viscosity with 4% pectin solution resulted in the samples sticking to the oral 
cavity. Serum viscosity was not correlated to any other physical parameters (Appendix Table A7.5).   
The median particle size was positively correlated to sensory perception of ratio of large to small 
particles and residues in the mouth and negatively correlated to the perception of smoothness 
indicating that samples with higher percentage of large particles were perceived and resulted in 
residues remaining in the mouth after swallowing. 
These correlations between the physical properties and sensory attributes show that physical 
properties measured in this research can give insights into the sensory perception of these foods. 
Physical and rheological parameters such as total solids, yield stress and moduli give insights into 
the bulk properties of the foods, such as resistance to compression (similar to thickness perception) 
whereas serum content, serum viscosity and particle size give insights into the surface properties of 
the food such as smoothness. Together, these bulk and surface properties can give indications on the 
oral processing and perception of these foods.   
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Table 7.7: Pearson’s correlation coefficients (r value) between physical properties and sensory 
attributes based on mean sample data at p<0.05 
 
7.3.3 Effect of serum viscosity on sensory perception – Part 2 
The purpose of this experiment was to highlight the impact of the viscosity of the serum phase on 
sensory perception of comminuted peas.  Samples with large-fractured peas and a yield stress of 
200 Pa were selected because Part 1 of the experiment showed that the effect of pectin was more 
significant at lower yield stresses. A new batch of peas was prepared for this experiment. 
Table 7.8 summarises the measured physical properties of peas samples diluted with 25 wt% of 
water and different concentrations (2, 4 and 8%) of pectin solution. All samples were designed to 
have a yield stress of 200 Pa.  
 
Variables Negative Correlation Positive Correlation 
Total solids Ease of Swallow (-0.71),                
Moistness (-0.93) 
Time to swallow (0.71), Resistance 
(0.81), Cohesiveness (0.71) 
Yield Stress Moistness (-0.88) Time to swallow (0.76),          
Resistance (0.81) 
Elastic Modulus (G’) Ease of Swallow(-0.76), 
Moistness (-0.93) 
Time to swallow (0.81),          
Resistance (0.86) 
Viscous Modulus (G”) Ease of Swallow (-0.81), 
Moistness (-0.92) 
Time to swallow (0.85),           
Resistance (0.90), Effort for bolus 
(0.74) 
Serum Content  Moistness (0.81) 
Serum Viscosity  Adhesiveness (0.87) 
Particle Size (µm) Smoothness (-0.86) Ratio of L/S (0.97), Residues (0.95) 
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Table 7.8: Measured rheological and objective data on the pea samples – Part 2 
 
*It was difficult to separate the serum and solid phase after centrifugation for samples 
containing 8% pectin solution due to the high viscosity of the serum phase. Hence the lower 
percentage of serum content for those samples.  
 
 
 
Figure 7.8: Modulus of Large peas adjusted to yield stress of 200Pa using 25% of water and 2, 4 
and 8% pectin solution: water (■), 2% pectin (▲), 4% pectin (●), and 8% pectin (♦). The filled 
symbols represent G´ and the open symbols represent G˝. 
 
Figure 7.8 shows that elastic and viscous moduli of the four samples adjusted to yield stress of 
200 Pa were similar except for the sample containing 8% pectin solution. For this sample both the 
elastic and viscous modulus increased with increasing frequency. 
All sensory attributes discriminated significantly amongst the four samples (p <0.001) as can be 
seen from the sample means in Table 7.9. The effect of viscosity of the serum phase was linear in 
Sample 
 
Sample   
Code 
Yield 
Stress   
(Pa) 
Total 
Solids 
(%) 
Serum 
Content 
(%) 
Serum 
Viscosity at   
50s
-1
 (mPa s) 
13 200-L-0% 222 20.8 48.1 2.2 
14 200-L-2% 204 21.1 48.7 25.9 
15 200-L-4% 194 21.3 46.9 112.5 
16 200-L-8% 222 22.5  35.4* 798.7 
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this experiment i.e. as the viscosity was increased, most of sensory attributes either increased or 
decreased with a linear relationship, except for residues.  
Increasing the viscosity of the pectin solution decreased ease of swallow, moistness and the ratio 
L/S, and increased time to swallow, resistance to compression, cohesiveness, adhesiveness, 
smoothness and effort required to prepare a bolus. This effect of the viscous component on the 
sensory attributes is consistent with results from Part 1 of the study (Table 7.6).   
Based on the F values in Table 7.9, increasing the viscosity of the viscous component had the most 
significant impact on adhesiveness (F value = 275).  Panellists were asked to write an explanation 
on how they assessed if a sample was easy to swallow or not.  In their comments, when the total 
pectin content was increased, they indicated that the samples became “gluey” or “sticky” and stuck 
to the oral cavity, which required additional oral manipulation to dislodge the pea sample from the 
oral surfaces and mix with saliva.  This is reflected in the increased effort required to form the 
bolus, the increase in time to swallow and the decrease in ease of swallow. The increase in the 
smoothness perception with increasing pectin concentration is probably due to the coating of the 
oral mucosa with a layer of pectin solution. The presence of a viscous film creates a barrier to oral 
surface contact, increasing hydrodynamic lubrication giving a perception of smoothness even 
though there is no difference in particle size between the samples. The decrease in the moistness 
perception with increasing viscosity results from the high serum viscosity ratios between samples 
diluted with water and various pectin solutions (Figure 7.9). The difference in the viscosity ratios 
makes it difficult to break-up the pea sample in order to incorporate the sufficient saliva to form a 
swallowable bolus. The saliva layer in the oral mucosa also assists with reducing adhesiveness such 
that the bolus can slip from the oral cavity and flow to be swallowed.  
7.3.3.1 Application of the optimum swallow model to pea samples     
The model of Prinz and Lucas (1997) suggests that the optimum cohesive force for a swallowable 
bolus is achieved when the difference between viscous forces (FV) and adhesive forces (FA) is 
greater than zero i.e. FV - FA > 0. They assume that the bolus is spherical and describe viscous 
forces in terms of the force required to separate this spherical bolus into two discs, which leads to 
equation 7.1 
FV = 3πηR
4
 / 4d
2
t     (7.1) 
where η is the viscosity of the saliva filling the spaces between particles, R is the radius of the disc 
of particles, d is the average distance between the particles and t is the time span over which the 
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separation is made. The adhesive force is assumed to be the initial force which sticks spherical 
particles to the oral cavity and this is described in equation 7.2 
FA = 4πrλ      (7.2) 
where r is the radius of the particles and λ is the surface tension of the oral fluids.  These equations 
suggest that if the radius of the bolus (R) was kept constant, the viscous forces could be increased 
by either increasing the viscosity of saliva (η) or by decreasing the distance between the particles 
(d) and the time span over the separation (t).  
In this experiment, if we assume that η was the viscosity of the serum phase and R, d and t were 
kept constant by controlling the amount of pea sample the panellist consumed in each mouthful (R), 
then the viscous force (FV) in these pea samples would be entirely governed by the viscosity of 
serum phase. As can be seen from Figure 7.9 the viscosity of the serum phase increased by over 2.5 
orders of  magnitude as the pectin concentration was increased, resulting in serum viscosities of 2.2, 
25.9, 112.5 and 798.7 mPa s at 50s
-1
 (Figure 7.9) for samples adjusted with 0, 2, 4, and 8% pectin 
solution respectively.  These results indicate that the viscous forces in the samples increased by the 
same magnitude.   
According to equation 7.2, the adhesive forces (FA) are governed by the radius of the particles (r), 
which in this experiment is constant, and surface tension of the oral fluid (λ), which in this instance 
we would assume to be the surface tension of water and pectin solutions.  Surface tension of water 
and pectin solutions of different concentrations are similar (Lee et al. 2012), which we will assume 
to be constant for this experiment.  So based our assumptions and according to equation 7.2, 
adhesive forces remain constant in all these samples, which was not the case in this experiment. 
Therefore, in this instance equation 7.2 is unable to predict the perceived adhesiveness. Sensory 
attributes in Table 7.9 clearly show that increasing the pectin concentration significantly increased 
the sensory attribute of adhesiveness. In this instance, the sensory perception of adhesiveness arises 
from the high viscosity of serum phase due to the addition of 2, 4 and 8% pectin. High 
concentrations (2 – 3%) of high methoxyl pectins (similar to pectin used in this research) have been 
reported to increase the perception of “glueyness” on pectin gels (Holm, Wendin & Hermansson 
2009). In this experiment, the cohesive force, which is FV - FA was entirely governed by the serum 
viscosity i.e. as the viscosity of the serum phase increased the cohesive force also increased by that 
magnitude. Unfortunately, the increase in FV caused the samples to adhere to the oral surfaces. 
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Table 7.9: Sample means and significance of sensory attributes for peas – Part 2 
 
Different letters in a column indicate significant differences (p<0.05) between samples according to the least significant difference (LSD) multiple 
comparison tests.  
 
 
 
  
Sample 
Code 
Ease of 
swallow 
Time to 
swallow 
Resistance 
 
Moist 
 
Cohesive 
 
Adhesive 
 
Smooth 
 
Ratio L/S 
 
Effort for 
bolus 
Residues 
 
Sample 13 200-L-0% 70.6 a 8.4 c 36.4 d 72.4 a 25.9 d 19.5 d 35.1 d 58.1 a 32.6 c 44.9 b 
Sample 14 200-L-2% 63.2 ab 9.3 c 43.2 c 63.0 b 39.5 c 33.3 c 44.8 c 49.5 b 36.6 c 40.6 b 
Sample 15 200-L-4% 49.9 c 11.2 b 55.9 b 53.6 c 61.8 b 57.7 b 57.4 b 42.3 c 53.4 b 43.3 b 
Sample 16 200-L-8% 28.7 d 15.4 a 71.2 a 38.2 d 74.8 a 82.1 a 67.6 a 31.7 d 76.0 a 52.5 a 
  F-value 104.2 77.8 72.1 133.9 197.8 274.7 46.7 22.1 119.3 6.8 
  p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
  LSD 5.1 1.0 5.1 3.5 4.4 4.7 5.9 6.7 5.1 5.5 
Effect of ↑ Pectin  ↓ ↑ ↑ ↓ ↑ ↑ ↑ ↓ ↑ ↓↑ 
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Figure 7.9: Viscosity of the serum phase of large-fractured peas diluted with water and different 
concentrations of pectin. Dotted line represents shear rate of 50 s
-1
 
 
7.3.3.2 Effect of yielding behaviour on ease of swallow 
The viscosity of the serum phase also impacts on how the food bolus breaks down during oral 
processing.  Figure 7.10 shows that all four samples containing water or different concentrations of 
pectin were shear thinning. Sample containing water and 2% pectin both showed yielding behaviour 
i.e. abrupt decline in viscosity (yielding) whereas 4% and 8% pectin samples showed a more 
gradual decline. Although the samples did not reach final steady state viscosity after yielding (due 
to the limitation of maximum rate rates that can be achieved using the vane geometry), it can be 
seen that the sample containing 8% pectin solution had the highest “final” viscosity and the sample 
diluted with water had the lowest. The yielding behaviour of the sample had an impact on its overall 
sensory perception and ease of swallow. The sample diluted with water showed structured fluid 
type behaviour where after a critical stress, the material starts to flow and a sudden decline in 
viscosity is observed. Structural fluids, like xanthan gum solution, show highly shear thinning 
behaviour during applied shear and it is this rheological behaviour which makes swallowing 
comfortable (Nakauma et al. 2011). Figure 7.10 shows that the sample diluted with water was 
highly shear thinning and was perceived to be easiest to swallow whereas the sample containing 8% 
pectin solution was least shear thinning and had the lowest mean score for ease of swallow (Table 
7.9).  
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Figure 7.10: Flow behaviour of large comminuted peas diluted with 25% of water or different 
concentrations of pectin solutions 
 
Thickened fluids for dysphagia are designed to be highly shear thinning, such that the initial high 
viscosity delays the flow of the bolus to the pharynx, to allow full closure of the airway, but once 
the bolus is sheared due to the swallow reflex, the viscosity decreases rapidly and the bolus is 
swallowed quickly before the airway opens again.  In this study, ease of swallow of the samples 
decreased with increasing viscosity of the serum phase which shows that shear thinning behaviour 
of the food plays an important role in the perception of ease of swallow.  
During the design of this experiment, it was hypothesised that there would be an optimum viscosity 
for the serum phase, for ease of swallow, to minimise dispersion of particles and form a cohesive 
bolus. In this research, the efficient packing of wide particle size distribution of the freeze-fractured 
peas resulted in sufficient cohesiveness in the structure such that the serum viscosity did not need to 
be increased using a viscous component to form a cohesive product. Samples diluted with water 
were perceived to be easiest to swallow.  
7.3.4 Physical and sensory properties that have an effect on ease of swallow  
Ease of swallow has been described as “personal palatability” (Ishihara et al. 2011) as it is an 
overall perception by an individual as the mouthful of food goes through the various processes of 
oral processing until it is swallowed. In the dysphagia field researchers have used different 
parameters of oral processing and swallowing to determine “ease of swallow”. For example, 
Nakamura et al. (2011) used the time taken between closing of the epiglottis and flow of the bolus 
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into the pharynx as a measure of ease of swallow. In contrast, Ishihara et al. (2011) suggests that 
viscoelastic balance, which can be manipulated by changing the viscous component, is important 
for ease of swallow. Non-Newtonian, viscoelastic behaviour and structural homogeneity assists in 
transporting the bolus as a cohesive mass without fracturing (Ishihara et al. 2011) which results in a 
shorter time to swallow, and is hence perceived to be easy to swallow.  Ishihara et al (2011) also 
suggests that the bolus needs to have properties of a weak gel to be easy to swallow.  Weak gels are 
shear thinning, but they do not fracture, i.e. remain as a cohesive mass.  
The results from this research show that ease of swallow was significantly affected by a range of 
parameters, namel yield stress, viscosity of the viscous component and particle size.  A balance 
between these parameters is necessary to achieve an optimum bolus for swallow.  For dysphagia, 
the properties of the food should be close to that of a bolus prior to swallow (Ishihara et al. 2011).  
Samples with low yield stress (200 Pa), small particle size and low serum viscosity were perceived 
to be easiest to swallow.  Low yield stress foods require less force between the tongue and the 
palate to initiate flow.  Smaller particles require little to no mastication to form a bolus.  Low serum 
viscosity results in lower viscous forces hence the sample is able breakdown easier under shear 
stresses in the mouth.  Also low serum viscosity reduces the adhesion of the bolus to the oral 
surfaces and increases the moistness perception of the bolus.  Small particle size and viscosity of 
the serum phase improves inter-particle cohesion to form a bolus which can be transferred as a 
cohesive mass to the pharynx for a safe swallow.  It is suggested that this inter-relationship between 
the various product variables and their impact on oral processing and swallow, results in an overall 
sensory experience of the food which we describe as ease of swallow.   
7.3.5 Correlating the findings to people with dysphagia 
This study was conducted using a panel of healthy subjects to characterise the sensory textural 
attributes and relate them to physical properties in order to understand the dynamics and 
relationships between these objective measurements. Most of the sensory literature on dysphagia is 
on thickened fluids. Thickening of low viscosity fluids such as water, juice, milk etc. is a normal 
practice in treatment of dysphagia, as increasing the viscosity reduces the speed at which the bolus 
travels to the pharynx allowing sufficient time for the closure of the airway for a safe swallow.  
These thickened fluids are hence perceived as easier and safe to swallow by people suffering from 
dysphagia. In contrast, people with normal swallow sometimes give foods with low viscosity higher 
rating for “good fluidity”. Therefore, there are differences in sensory perception between healthy 
and dysphagic subjects.  
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The sensory findings from this project, using the healthy subjects, needs to be validated using 
dysphagia patients. Unfortunately, the ethics approval for this project was for healthy subjects only 
and validation studies with dysphagia patients could not be conducted. The findings from a 
validation study would be critical in determining the relationship between sensory perception by 
healthy and high risk patients, to the same physical properties, such as yield stress, serum viscosity 
and particle size.  Once this relationship is established, physical properties of the food and a sensory 
panel of healthy subjects could be used to predict ease of swallow for people with dysphagia. This 
would minimise the amount of research requiring the high risk group of patients, which is an 
important ethical and safety consideration.  
 
7.4 Concluding Remarks 
In this chapter sensory studies were undertaken to determine the impact of product variables such as 
yield stress, serum viscosity and particle size on the sensory perception and ease of swallow of 
minced and pureed peas prepared using water and pectin solution as dilutants. The ANOVA for 
Part 1 of the experimental design showed that all three product variables had a significant effect on 
ease of swallow, with yield stress having the highest impact. Samples with high yield stress of 
500 Pa, had significant effect on the bulk attributes such as resistance to compression (akin to 
thickness perception in semi-solid foods). These bulk attributes which are detected in an intact 
bolus, are good indicators of the amount of oral processing would be required to form a 
swallowable bolus. Hence effort to form a bolus and time to swallow were positively related to ease 
of swallow, indicating that samples with high yield stress were resistant to compression, required 
additional oral manipulation and therefore took a longer time to swallow. Increasing the serum 
viscosity also had a significant, but negative impact on ease of swallow as the samples started to 
stick in the oral cavity. The purpose of increasing the serum viscosity was to form a cohesive 
product to aid with cohesiveness of the final bolus. Increasing the serum viscosity did increase the 
cohesiveness of the product, but it also increased the adhesiveness between the bolus and the oral 
surfaces which required additional effort to remove the bolus from the oral surfaces to form a 
swallowable bolus. Therefore, increasing the serum viscosity increased the resistance to 
compression and effort to form a bolus. Particle size had a significant, but least effect on ease of 
swallow. Increasing the particle size increased the resistance to compression and effort to from a 
bolus as the samples required to be chewed and manipulated into optimum particle size for a safe 
swallow. Larger particles had a negative impact on the smoothness perception and left residues in 
the mouth.  
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In this research, samples with physical properties similar to those of a ready to swallow bolus were 
perceived to be easiest to swallow i.e. low yield stress, low serum viscosity and small particles. 
Samples that required minimum effort to deform between the tongue and the palate; that did not 
adhere to the oral cavity and required minimal to no mastication to reduce the particle size had the 
highest rating for ease of swallow. 
A significant interaction between the product variables and sensory perception was only observed 
for yield stress and serum viscosity.  Serum viscosity had a significant effect in the lower-yield 
stress samples of 200 Pa, where the percentage of viscous component was 15 wt% higher than in 
500 Pa samples. As the serum viscosity increased from 2 – 3 mPa s to 77 – 97 mPa s, the sensory 
perception of adhesiveness, cohesiveness and resistance to compression increased accordingly. 
Samples diluted with water were perceived to be moister due to lower viscosity ratio between water 
and saliva, unlike samples adjusted with pectin. The difficulty in oral breakdown of samples 
containing pectin, due to its high viscosity ratio compared to saliva resulted in poor moistness 
perception.    
The yield stress and moduli of the samples was controlled by changing the total solids content in the 
samples and this was reflected in the strong positive correlation of these parameters to time to 
swallow and resistance to compression. Total solids were also positively correlated to cohesiveness. 
Other physical properties such as the amount of serum, serum viscosity and particle size were 
positively correlated to sensory perception of moistness, adhesiveness and residues respectively. 
These strong correlations between physical properties and sensory attributes show that physical 
properties can give insights into sensory perception and ease of swallow of these foods. 
These sensory findings are from a panel of healthy subjects and without a validation study with 
dysphagia patients, it is difficult to conclude if the sensory finding from a dysphagic panel would be 
the same. Hence a validation study is required to determine the relationship between sensory 
perception from a healthy and dysphagic panel. The validation study should only evaluate a 
maximum of three samples that were perceived to be easy to swallow by the healthy panel, to 
minimise fatigue and risk of choking. These samples would have low yield stress, smaller particles 
and low serum viscosity. The dysphagic panel should assess these samples for ease of swallow and 
explain why if one sample was easier to swallow than another. This would give insights into 
product parameters that give the dysphagic panel the perception of ease of swallow. Once this 
relationship is determined, then a panel of healthy subjects and physical properties of the food could 
be used to rationally design food for dysphagia sufferers. This would minimise the amount of 
research required with at risk population, which is an important ethical consideration.  
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CHAPTER 8 
 
8 Conclusions and Future Works 
 
 
8.1 Introduction 
Guidelines and standards from around the developed world recommend particle size reduction of 
normal food, by the process of mincing and pureeing in the management of dysphagia. The main 
motivation for this size reduction step is to minimise or eliminate the risk of choking as it is the 
largest risk factor for people with swallowing disorders. Malnutrition, dehydration and aspiration 
pneumonia are the unfortunate side-effects of dysphagia which have considerable impact on the 
quality of life for these dysphagia sufferers. Australia like the rest of the world has an aging 
population and as dysphagia is also an age related disease, it will become a larger social and 
economic problem in the future.  
Although comminution of food is a common practice in management of food intake for dysphagia 
sufferers, few researchers have tried to comprehensively understand or analyse the properties of 
these texture modified foods. The fundamental understanding of structure-property-function of 
texture modified foods and its impact on the flow, oral perception and ease of swallow is still 
lacking. Therefore, the overall aim of this research project was to determine the relationship 
between the structure-property-function of texture modified peas (model system) by investigating 
the effect of processing and comminution on the microstructure and the impact of changing these 
microstructures on the sensory perception and ease of swallow of these peas.  The main objectives 
of this research were:  
 To determine the effect of processing and comminution on the structure and rheology of the 
green peas and to determine the relationship between structure and rheology of these foods. 
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 To identify the key parameters that determine these microstructures and the impact of changing 
these key parameters on the rheology of comminuted green peas. 
 To determine how the changes in these key parameters impact on oral perception of these foods. 
 To understand the rheological and sensory attributes of communited peas that make them easier 
to swallow.  
 To determine if a particular product parameter is responsible for “ease of swallow”. 
 
8.2 Effect of processing and comminution on structure and rheology 
In this research three different brands of peas (Edgells, Mydibel and COOP) were processed 
(cooked and chilled) using the same method, but they were comminuted using three different 
techniques; (i) mincing, (ii) pureeing and (iii) freeze-fracturing. Mincing and pureeing are 
commonly used in preparing texture modified foods; however a “novel” method of freeze-fracturing 
was developed during the course of the project as it is able to breakdown the tough outer skin of the 
peas. For the freeze-fracturing method, cooked peas were frozen, prior to comminution, whereas 
minced and pureed peas were prepared from cooked and chilled peas. In order to prepare minced 
and pureed equivalent product (based in particle size distribution) using the freeze-fracturing 
method, cooked frozen peas were comminuted for 20 seconds and 1 minute respectively. 
Unfortunately, it was impossible to achieve the same particle size distributions for minced peas 
such that they could be compared directly to large-fractured peas and similarly for pureed and 
small-fractured peas. However, in both minced and pureed peas and large- and small-fractured peas, 
there were significant differences in the particle size distributions, especially the percentage of 
particles greater than 1 mm in size, to create two sets of comminuted peas that could be classed as 
Texture B (minced and large-fractured) and Texture C (pureed and small-fractured).  
All three methods of comminution resulted in a “suspension” of multi-hierarchical structures of pea 
particles consisting of large and small clusters of cells, cell fragments and starch granules, dispersed 
in the serum released. The method of comminution did not impact on particle morphology, however 
it had a significant effect of the particle size distribution. Minced peas were dominated by particles 
greater than 1 mm in size whereas pureed peas were dominated by particles <125 µm in size and 
smaller. Similarly in large- and small-fractured peas, large-fractured peas had a higher percentage 
of particles greater than 1 mm compared to small-fractured. Although peas comminuted using the 
same technique had similar particle size distributions, the variety of the peas and whether the peas 
were frozen prior to comminution had a significant impact on the rheology of the peas.  
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When the particle size distribution was similar, Edgells peas with higher total moisture content 
compared to Mydibel peas released more serum during centrifugation. Freeze-fractured peas also 
released a significantly higher percentage of serum, compared to the chilled minced and pureed 
peas; possibly due to reduced integrity of the pea cell wall (more porous) by the formation of ice 
crystals during freezing of the cooked peas. The amount of serum released affected the wet solid 
fraction, which was determined using centrifugation.  
During centrifugation minced peas with wider size distributions packed more efficiently resulting in 
lower wet solid fractions, whereas pureed peas with comparatively narrower size distribution did 
not pack as efficiently, with some of the serum being trapped in voids between particles, resulting in 
higher wet solid fraction. The same trend was seen in large- and small-fractured peas, where large-
fractured peas had a wider size distributions and lower wet solid fractions and small-fractured peas 
had narrower distributions and higher wer solid fraction. Apart from the size distributions, the wet 
solid fraction was also affected by the deformability of the pea particles. Softer particles are able to 
deform more and pack better than firmer particles. Therefore wet solid fraction was a good indicator 
of particle modulus.  
Even though the particle size distributions between minced and large-fractured peas were different, 
the trends in their physical properties and rheological behaviours were the same, as was the case 
with pureed and small-fractured peas. In this research, all comminuted pea samples showed high 
elasticity (G´  > G˝) and they all had a yield stress, indicating a solid-like behaviour at rest. This 
was also supported by visual observations, where scoops of comminuted peas maintained their 
shape on a plate. When comparing minced and pureed peas, and large- and small-fractured peas, 
minced and large-fractured peas higher percentage of particles greater than 1 mm in size, had higher 
G´ compared to the pureed and small-fractured peas. This indicates that minced and large-fractured 
peas showed more solid-like behaviour compared to peas dominated by particles less than 1 mm in 
size. Other researchers (Day et al. 2010a; Lopez-Sanchez 2011) have also reported similar 
observations where reducing the overall particle size also resulted in reducing the viscoelastic 
moduli. The elasticity of comminuted peas was affected by the firmness of the particles. Minced 
and pureed Mydibel peas with firmer particles, had higher G´ compared minced and pureed Edgells 
peas. It was assumed throughout this research that all comminuted pea samples were packed beyond 
random close packing. In such densely packed systems the elasticity is dependent on the elastic 
energy of deformation (Lopez-Sanchez et al. 2012) and that firmer particles tend to generate higher 
elastic responses (van der Vaart et al. 2013) which would explain the high G´ for Mydibel peas. 
The yield stress data were identical to elastic modulus when comparing minced and pureed, and 
large- and small-fractured peas. Minced and large-fractured peas yielded at higher critical stresses 
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compared to pureed and small-fracture peas; even though the elastic modulus was determined at 
small strains in the linear viscoelastic region whilst yield stress was determined at high strains 
where the underlying network structure was broken down. The lower yield stress for values for 
pureed and small-fractured peas could be due to a number of reasons; (i) lubricating effects of the 
smaller particles (≤ 75 um) (ii) serum trapped within the structure of poorly packed particles which 
would assist in sliding the particles past each other during applied stress and (iii) softer particles 
from freeze-fractured peas are able to deform at lower applied stress for particle to move past each 
other. Apart from having “softer” particles, freeze-fractured peas also had higher proportion of 
serum compared to minced and pureed peas indicating that they had lower phase volume, which 
would also explain why they yielded at lower applied stresses.  
Table 8.1 summaries the complex relationship between method of processing and comminution, and 
variety of peas on rheology and other measured parameters. In Table 8.1, the increase and decrease 
of the measured parameters are compared to each other for method of processing, method of 
comminution and variety of peas. 
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Table 8.1: Summary of the effect of product and processing parameters on the measured parameters 
 
Product and Processing 
Parameters 
                   Measured Parameters 
 Increase Decrease 
                    Method of processing 
Chilling before 
comminution 
Wet solid fraction 
Particle firmness 
G´ 
Yield stress 
Serum content 
G˝ 
Freezing before 
comminution 
Serum content 
G˝ 
Wet solid fraction 
Particle firmness 
G´ 
Yield stress 
                  Method of comminution 
Mincing Particle size distribution 
Serum content 
G´ 
Yield stress 
Wet solid fraction 
G˝ 
Pureeing Wet solid fraction 
G˝ 
Particle size distribution 
Serum content 
G´ 
Yield stress 
Freeze-fracturing Serum content 
G˝ 
 
Particle size distribution  
Wet solid fraction 
G´ 
Yield stress 
           Variety/brand of peas 
Mydibel peas  Particle firmness 
Wet solid fraction 
G´ 
Yield stress 
Serum content 
G˝ 
Edgells peas Serum content 
G˝ 
Particle firmness 
Wet solid fraction 
G´ 
Yield stress 
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8.3 Effect of phase volume on microstructure and rheology of comminuted peas 
The microstructure of comminuted peas was composed of densely packed, anisotropic, deformable 
peas particles with continuous size distributions ranging from approximately 5 mm to <75 µm 
dispersed in a low volume of serum, which resulted in a structure that was solid-like at rest. In order 
to elucidate the underlying microstructure of these peas, their phase volume was modified by either 
diluting the peas with water or by changing their particle size distribution. Unfortunately 
determining phase volume of such complex system using centrifugation was not possible. Instead 
the random close packing fraction for comminuted peas was determined using the Farr and Groot 
model (using d0.5 data and fraction of particles on each sieve), which assumes that the pea particles 
are hard, polydispersed spheres. Although Farr and Groot’s model could not predict how far above 
φrcp all the different samples were packed, it gave insights into the packing efficiencies of peas with 
different particle size distributions and the resulting rheological behaviours.  
Changing the phase volume by blending different proportion of minced and pureed peas together 
showed that increasing the proportion of minced peas (larger particles - >1 mm) broadened the size 
distribution of the particles, resulting in better packing and higher phase volumes which increased 
G´ and yield stress. Conversely by increasing the proportion of pureed peas, the particle size 
distribution was narrowed and the particles did not pack as efficiently and hence had lower G´ and 
yielded at lower applied stresses. These results show that flow behaviour of texture modified foods 
could be altered simply by changing the particle size distributions, i.e. blending minced and pureed 
foods together; without any added liquids which tend to reduce the nutritive value of the foods for 
dysphagia.  
The results from systemic dilution of comminuted peas gave insights into their microstructure. At  
high phase volumes (>φrcp) pea particles formed clusters and these clusters were interconnected in a 
gel-like network, in a jammed state requiring high stresses to initiate flow, resulting in high elastic 
modulus and yield stress. As the pea particles were diluted with water, the interconnection between 
these clusters was reduced and the particles were able to slide past each other more easily resulting 
in lower yield stress and G´. Small amount of added water had a significant effect on the modulus 
and yield stress. The data from the dilution study showed power law behaviour at all concentrations 
for both minced and pureed peas. However, for percolation model, the data could only be fitted at 
high concentrations. This is because comminuted peas showed a static elastic response at 
concentrations below the critical concentration for percolation, suggesting weak association 
(attractive forces) between anisotropic particle and friction forces generated from surface asperities 
of pea particles. The dilution study also showed that both minced and pureed peas were composed 
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of similar pea particles, except that the proportion of different size particles were different in 
minced and pureed pea. 
The yield stress and modulus of comminuted peas can be adjusted by manipulating the phase 
volume either by changing the particle size distributions i.e. by blending different proportions of 
minced and pureed peas together or by diluting the peas with small amounts of water. Both these 
techniques impact on the underlying microstructure of the peas which affects their modulus and 
yielding behaviour. In this instance changing the particle size distributions appears to be an ideal 
method for controlling the rheology of comminuted peas. The particle size distribution can be 
optimised such that the yield stress will be high enough for visual presentation of the food and low 
enough for it to flow easily in the oral cavity, while maintaining the nutritive value of the food.  
 
8.4 Cohesiveness and flowability of comminuted peas 
Although cohesiveness of a bolus is a critical parameter in the initiation of the swallow response, 
fundamental methods of measuring cohesiveness is still lacking. In this research the ring shear 
tester, designed to measure cohesiveness of dry and wet powders was used as a novel method to 
determine cohesiveness of both centrifuged (hydrated) and freeze-dried comminuted peas. The 
technique involves pre-consolidating a sample to a pre-determined shear stress prior to yielding, by 
applying a normal and shear stress. In centrifuged peas, consolidation of the sample resulted in 
deforming the soft pea particles beyond the maximum random packing density. Freeze dried and 
ground peas were free flowing with low cohesiveness, however as the moisture content was 
increased, the freeze-dried particles started to agglomerate and the cohesiveness increased and their 
flowability decreased. For both centrifuged and freeze-dried peas the cohesiveness continued to 
increase until a critical moisture content of 73%, where there was a rapid decline in cohesiveness. 
This is possibly due to the transition from a jammed state (paste-like) to a concentrated suspension 
where there is sufficient lubrication for the particles to move past each other, hence a decline in 
cohesiveness. 
We believe that cohesiveness and flowability of high moisture particulated foods can be measured 
using the ring shear tester if used within some limitations for total moisture content. At moisture 
content above 67%, there was a high probability of phase separation between the solids (pea 
particles) and the liquid (serum) phase when consolidation stresses were applied. A slip layer 
(liquid phase) formed at the lid making it difficult to consolidate the sample (lid kept slipping) 
which resulted in obtaining either inaccurate or no data at all. Despite these issues, ring shear tester 
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can provide an alternative method of measuring cohesiveness in wet particulated system such as 
comminuted peas. 
 
8.5 Relationship between physical parameters and sensory perception 
In order to determine a relationship between rheological parameters and sensory perception, a 
multi-variate experiment investigating the effect of particle size (small, large and mixed), yield 
stress (200 and 500 Pa) and the viscosity of the serum phase (water and 4% pectin as dilutants) on 
sensory perception and ease of swallow was undertaken. Another smaller experiment was also 
undertaken to investigate the effect of increasing viscosity of serum phase on sensory perception. 
The results from the factorial experiment showed that all three product variables (particle size, yield 
stress and viscosity of the serum phase) had a significant effect on ease of swallow, with yield stress 
having the highest impact. Samples with high yield stress of 500 Pa were resistant to compression, 
required more effort to form a bolus and hence took a longer time to swallow. Yield stress is good 
indicator of bulk attributes, such as resistance to compression which is detected in the intact food 
when it is first compressed in the oral cavity. This initial perception signals how much oral 
processing would be required to prepare that mouthful of food into a swallowable bolus.  Samples 
with yield stress of 500 Pa, were not perceived to be easy to swallow. Increasing the serum 
viscosity also had a significant, but negative impact on ease of swallow as the samples started to 
stick in the oral cavity. It was hypothesised that increasing the serum viscosity would aid with the 
cohesiveness of the bolus. Increasing the serum viscosity did increase the cohesiveness of the 
product, but it also increased the adhesiveness between the bolus and the oral surfaces which 
required additional effort to remove the bolus from the oral surfaces to form a swallowable bolus.  
Samples with high serum viscosity had poor moistness perception due to the high viscosity ratio 
between the serum phase and saliva. Samples with high viscosity ratios have poor miscibility with 
each other; hence the samples containing pectin required additional oral manipulation to achieve 
sufficient mixing with the saliva to form a swallowable bolus, resulting in poor perception of 
moistness for samples containing pectin. On the other hand samples diluted with water mixed easily 
with saliva and were perceived to be moist. Increasing the particle size increased the resistance to 
compression and effort to from a bolus as the samples required to be chewed and manipulated into 
optimum particle size for a safe swallow. Particle size had a significant, but least effect on ease of 
swallow, which is a significant finding as the dysphagia guidelines for foods are based on particle 
size only.  
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There were strong correlations between physical properties of the samples and sensory attributes. 
For example the yield stress and moduli of the samples were controlled by changing the total solids 
content in the samples. The total solids content of the samples were positively correlated to yield 
stress, G´, resistance to compression, cohesiveness and time to swallow.  Other physical properties 
such as serum content water, serum viscosity and particle size were also positively correlated to 
sensory perception of moistness, adhesiveness and residues respectively. These strong correlations 
between physical properties and sensory attributes show that physical properties can give insights 
into sensory perception and ease of swallow of these foods. 
 
8.6 Product parameters that impact on ease of swallow 
Ease of swallow is an overall perception of how easy it is to swallow a mouthful of food. As it is an 
overall perception, no one product parameter can be used to describe ease of swallow. The sensory 
study showed that yield stress, particle size and the viscosity of the serum phase all had a significant 
effect on perception of ease of swallow. Samples that required minimum effort to deform between 
the tongue and the palate; that did not adhere to the oral cavity and required minimal to no 
mastication to reduce the particle size had the highest rating for ease of swallow. This indicates that 
samples with physical properties similar to those of a ready to swallow bolus were perceived to be 
easiest to swallow i.e. low yield stress, low serum viscosity and small particles. 
 
8.7 Insights into rational design of texture modified foods 
The comminution methods of mincing, pureeing and freeze-fracturing was utilised in this research 
as a particle size reduction step. Unfortunately this size reduction step resulted in a complex matrix 
of multi-hierarchical structures composed of polydispersed, anisotropic, deformable pea particles 
suspended in serum in a jammed state. This would also be true for other plant based foods that are 
minced or pureed as food for dysphagia.  
Although mincing and pureeing is a norm in the management of dysphagia, freeze-fracturing is a 
novel, alternative method for size reduction of foods with tough outer skin such as peas, beans, corn 
etc. Using this technique the outer skin can be broken down into smaller particles to minimise the 
risk of choking, especially by residues in the mouth after swallow. 
Addition of liquid components such as milk, sauce and gravy to texture modified foods are also a 
norm, especially when preparing pureed foods as they aid with the mixing and size reduction 
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process. These liquid components are also added to “soften” to food such that it would flow more 
easily for a safe swallow. Unfortunately these added liquids dilute the nutritive value of the food. 
Dysphagia patients often struggle to consume the required amount of food to maintain their daily 
nutritional requirements; therefore it is essential that the nutritive quality of the food that they are 
consuming is as high as possible. This research has shown that the flow behaviour can be 
manipulated by changing the particle size distribution e.g. mixing of minced and pureed foods. 
Particle size distributions could be optimised to achieve foods with higher total solids content, 
therefore higher nutritive value with lower yield stresses, which would be highly beneficial for 
dysphagia sufferers.  
Visual appeal of texture modified foods is also very important, as that is the first sensory signal 
which can determine if the dysphagia sufferers would be enticed into eating the food.  Again 
particle distributions could be optimised to ensure that the comminuted food has high enough yield 
stress to maintain its shape on a plate, but is able to yield easily when compressed between the 
tongue and the palate. 
Manufacturers of food for dysphagia such as RSL Care Queensland can optimise the particle size 
distributions of these foods in order to achieve the desired yielding behaviour instead to adding 
liquids. The extent of size reduction affects packing of the particle and the amount of serum 
released (especially in plant based foods). This in turn affects the rheological properties of these 
foods and as well as oral perception and processing of the food into a swallowable bolus i.e. ease of 
swallow. These insights can be used to design textural properties and microstructure in these foods 
such that they would breakdown in the oral cavity in a required/desired manner.  
 
8.8 Future Work 
The use of ring shear tester to measure cohesiveness of high moisture food should be investigated 
further. Cohesiveness measured on the ringer shear tester should be compared to the cohesiveness 
measured on the texture analyser using the TPA test. The same samples should also be evaluated for 
sensory perception of cohesiveness to determine if any one method is better at discriminating 
between sensory perception of cohesiveness and that measured by an instrument. Cohesiveness is 
an important parameter in bolus formation and swallow, and a fundamental method of measuring 
cohesiveness will be an invaluable tool in future research in this field. 
In the sensory study, pectin, a low shear thinning viscous component was used to improve the 
cohesiveness of comminuted peas. Unfortunately, pectin had a negative impact on the ease of 
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swallow of the comminuted peas, as the high viscosity of pectin resulted in comminuted peas 
sticking in the oral cavity (increased adhesiveness). In future research, a more shear thinning 
ingredient, such as xanthan gum could be used to increase the viscosity of the serum phase. It is 
hypothesised that the high viscosity of xanthan gum would increase the cohesiveness of the bulk 
product, and the high shear thinning behaviour of xanthan gum would ensure miscibility with saliva 
such that the product does not stick in the oral cavity, while still maintaining the cohesiveness of the 
bolus as it is transported to the pharynx for a safe swallow. Xanthan gum is commonly used in the 
dysphagia industry as a thickener for fluids. 
The sensory study was conducted with a panel of healthy subjects, without any validation with 
dysphagia patients. Therefore it is difficult to conclude if the sensory findings from a dysphagic 
panel would be the same. A validation study is required to determine the relationship between 
sensory perception from a healthy and dysphagic panel. A maximum of three samples from the 
current study that were perceived to be easiest to swallow should be evaluated by the dysphagic 
panel. Their perception of ease of swallow should be compared to the findings from the healthy 
panel to determine the similarities and differences between the two panels. With the knowledge of 
this relationship and the measured physical properties of the foods, foods for a dysphagic 
population could be rationally designed. A panel of healthy subjects could then be used to evaluate 
foods for dysphagia sufferers. This would minimise the amount of research required with at risk 
population, which is an important ethical consideration.  
Finally, the current guidelines for texture modified foods are based on particle size only. The reason 
for this is to minimise the risk of choking and aspiration pneumonia, which is one of the main 
causes of death in dysphagia sufferers. This research has shown that a range of parameters affect the 
ease of swallow of texture modified foods. The knowledge from this project could be used to 
develop better guidelines for texture modified foods by maybe incorporating yield stress as one of 
the quality parameters, to improve the consistency and flow behaviour of such foods. The key 
parameters from research could also be used in a predictive model to predict swallowing behaviour. 
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Appendix for Chapter 4 
In Chapter 4, the physical properties of two varieties of peas, comminuted using the technique of mincing, pureeing and freeze-fracturing were 
compared. Table A4.1 shows the significant differences (in bold) in the physical properties between the variety of peas and the processing methods, 
using the Students t-test where the significance level at set at p<0.05.  
Table A4.1: Significant differences (p<0.05) in the physical properties between the variety of peas and the processing methods 
 
 
Comparing Wet solid fraction Serum Content Yield Stress G´ at 10rad/s G˝ at 10rad/s 
Edgells Peas      
Minced/Large-fractured 0.015 0.008 0.003 0.521 0.023 
Pureed/Small-fractured 0.030 <0.001 <0.001 0.024 0.011 
Mince/Pureed 0.074 0.053 0.007 0.026 0.002 
Large/Small-fractured 0.350 0.497 0.002 0.019 0.050 
Mydibel Peas      
Mince/Pureed 0.039 0.001 0.001 0.067 0.058 
Edgells and Mydibel      
Minced 0.002 0.001 <0.001 0.003 0.530 
Pureed 0.001 <0.001 <0.001 0.025 0.003 
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Appendix for Chapter 6 
In Chapter 6, the moisture content of centrifuged and freeze-dried and ground peas was increased 
systemically to study the effect of moisture content on the flowability, cohesiveness and bulk 
density of these peas. The results in Table A6.1 and Table A6.2 are means of at least duplicate 
samples. 
 
Table A6.1: Flowability, cohesiveness and bulk density data for centrifuged peas systemically 
diluted with pea serum 
Centrifuged Peas 
with % serum 
added 
Total Moisture 
Content (%) 
Flowability 
Factor ffc (-) 
Cohesiveness 
(Pa) 
Bulk Density  
(kg/m
3
)       
Centrifuged peas 66.8 1.68 ± 0.06 649 ± 30 594 ± 6 
10% serum  68.6 1.57 ± 0.01 728 ± 40 664 ± 2 
20% serum 70.9 1.46 ± 0.03 851 ± 3 787 ± 5 
25% serum 72.9 1.40 ± 0.09 997 ± 10 942 ± 1 
30% serum  73.7 1.56 ±0.02 826 ± 10 931 ± 1 
35% serum  74.8 2.08 ± 0.02 648 ± 20 1053 ± 10 
40% serum  75.8 2.57 ± 0.03 470 ± 20 1078 ± 10 
Normal fractured 78.6 4.12 ± 0.68 240 ± 40 1171 ± 10 
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Table A6.2: Flowability, cohesiveness and bulk density data for freeze-dried and ground peas 
systemically hydrated with added water  
Freeze-dried & ground 
peas with % water added 
Total Moisture 
Content (%) 
Flowability 
Factor ffc (-) 
Cohesiveness 
(Pa) 
Bulk Density  
(kg/m
3
)       
0% water 4.21 10.33 ± 0.05 96 ± 1 411 ± 2 
10% water 12.44 6.36 ± 0.30 151 ± 6 425 ± 2 
15% water 16.03 4.74 ± 0.40 207 ± 20 421 ± 2 
25% water 25.69 3.73 ± 0.14 279 ± 20 444 ± 2 
30% water 30.23 2.53 ± 0.07 406 ± 8 433 ± 2 
40% water 43.18 2.04 ± 0.02 518 ± 3 464 ± 1 
50% water 47.39 2.17 ± 0.10 467 ± 10 493 ± 8 
60% water 54.98 2.00 ± 0.07 520 ± 20 530 ± 6 
65% water 64.47 1.53 ± 0.10 756 ± 20 652 ± 10 
73% water 73.21 - 1128 ± 10 998 ± 4 
75% water 75.93 2.10 ± 0.10 536 ± 10 1081 ± 20 
78% water 77.78 4.51 ± 0.02 216 ± 1 1187 ± 10 
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Appendix for Chapter 7 
In Chapter 7, a multi-variate sensory studies were conducted, where a range of comminuted pea 
samples were prepared. Tables A7.1 and A7.2 give details about the actual formulation of each 
sample. Tables A7.3 – A7.6 are data analysis tables, showing ANOVA and Pearson’s correlation 
for the various samples and their relationship with physical properties and sensory attributes.  
Table A7.1: Flowability Formulations for sensory evaluation – Part 1 
 
Samples with Yield Stress of 500Pa 
Sample 1 
 Ingredients % Batch  
 Peas Large 90 270 
 Water 10 30 
 
  
300g 
 
 
Sample 4 
 Ingredients % Batch 
 Peas Large 90 270 
 4% Pectin  10 30 
 
  
300g 
 
 
  
Sample 2 
 Ingredients % Batch 
 Peas Small 95 285 
 Water 5 15 
 
  
300g 
 
 
Sample 5 
 Ingredients % Batch 
 Peas Small 95 285 
 4% Pectin  5 15 
 
  
300g 
 
 
  
Sample 3 
 Ingredients % Batch 
 Peas Mixed  92.5 277.5 
 Water 7.5 22.5 
 
  
300g 
 
 
 
Sample 6 
 Ingredients % Batch 
 Peas Mixed  92.5 277.5 
 4% Pectin 7.5 22.5 
 
  
300g 
 
 
Sample with Yield Stress of 200Pa 
Sample 7 
 Ingredients % Batch 
 Peas Large 75 225 
 Water 25 75 
 
  
300g 
 
 
Sample 10 
 Ingredients % Batch 
  Peas Large 75 225 
  4% Pectin  25  75 
  
  
300g 
  
 
  
Sample 8 
 Ingredients % Batch 
 Peas Small 80 240 
 Water 20 60 
 
  
300g 
 
 
Sample 11 
 Ingredients % Batch 
 Peas Small 80 240 
 4% Pectin  20 60 
 
  
300g 
 
 
  
Sample 9 
 Ingredients % Batch 
 Peas Mixed  80 240 
 Water 20 60 
 
  
300g 
 
 
Sample 12 
 Ingredients % Batch 
  Peas Mixed  80 240 
  4% Pectin  20   60 
  
  
300g 
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Table A7.2: Formulations for sensory evaluation – Part 2 
 
 
 
200Pa Yield Stress samples diluted with varying concentration of pectin 
Sample 13 
 Ingredients % Batch  
 Peas Large 75 225 
 Water 25 75 
 
  
300g 
 
 
Sample 14 
 Ingredients % Batch 
 Peas Large 75 225 
 2% Pectin  25 75 
 
  
300g 
 
 
  
Sample 15 
 Ingredients % Batch 
 Peas Large 75 225 
 4% Pectin 25 75 
 
  
300g 
 
 
Sample 16 
 Ingredients % Batch 
  Peas Large 75 225 
  8% Pectin 25 75 
  
  
300g 
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Table A7.3: Two-way ANOVA on the interactions between the variables  
 
 
 
 
 
 
 
 
          
  
 Ease of 
swallow 
Time to 
swallow 
Resistance Moist Cohesive Adhesive Smooth Ratio 
L/S 
Effort 
for 
bolus 
Residues 
Particle size * Pectin 
F-value  0.08 0.19 0.10 1.23 1.24 0.64 2.73 0.85 0.11 0.50 
p-value  0.92 0.83 0.91 0.29 0.29 0.53 0.07 0.43 0.89 0.61 
 
 
Yield stress * Particle size 
F-value  0.26 0.20 0.10 0.21 0.07 0.27 1.10 1.17 2.24 0.28 
p-value  0.77 0.82 0.91 0.81 0.93 0.77 0.34 0.31 0.11 0.75 
 
 
Yield stress * Pectin 
F-value  12 1.2 18 15 25 21 0.8 0.6 7.5 0 
p-value  <0.001 0.28 <0.001 <0.001 <0.001 <0.001 0.37 0.45 < 0.01 0.62 
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Table A7.4: Pearson’s correlations between the sensory attributes  
 
 
 
 
Variables Ease of 
swallow 
Time to 
swallow 
Resistance Moist Cohesive Adhesive Smooth Ratio L/S Effort for 
bolus 
Residues 
Ease of swallow 1.00 
         Time to swallow -0.96 1.00 
        Resistance -0.97 0.96 1.00 
       Moist 0.89 -0.87 -0.95 1.00 
      Cohesive -0.87 0.72 0.82 -0.84 1.00 
     Adhesive -0.47 0.24 0.30 -0.25 0.73 1.00 
    Smooth 0.38 -0.54 -0.41 0.18 0.09 0.34 1.00 
   Ratio L/S -0.30 0.41 0.26 0.01 -0.10 -0.10 -0.92 1.00 
  Effort for bolus -0.97 0.92 0.92 -0.82 0.86 0.52 -0.42 0.39 1.00 
 Residues -0.40 0.51 0.36 -0.12 0.02 -0.07 -0.91 0.97 0.48 1.00 
p - value                     
Ease of swallow 0 
         Time to swallow < 0.0001 0 
        Resistance < 0.0001 < 0.0001 0 
       Moist <0.001 0.000 < 0.0001 0 
      Cohesive <0.001  0.008 0.001 0.001 0 
     Adhesive 0.127 0.448 0.351 0.431 0.007 0 
    Smooth 0.228 0.072 0.191 0.584 0.786 0.287 0 
   Ratio L/S 0.337 0.180 0.421 0.968 0.768 0.757 < 0.0001 0 
  Effort for bolus < 0.0001 < 0.0001 < 0.0001 0.001 0.000 0.081 0.178 0.213 0 
 Residues 0.193 0.093 0.246 0.705 0.947 0.832 < 0.0001 < 0.0001 0.113 0 
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Table A7.5: Pearson’s correlations between the physical properties  
 
Table A7.6: Pearson’s correlations between the physical properties and sensory attributes  
 
  
Variables Total 
Solids 
Yield 
Stress 
Serum 
Content 
Viscosity at 
50/s 
G' Freq    
10 rad/s 
G" Freq  
10 rad/s 
Total solids 1 
     Yield stress 0.92 1 
    Serum content -0.95 -0.95 1 
   Viscosity at 50/s -0.33 -0.59 0.58 1 
  G' Freq 10 rad/s 0.95 0.97 -0.93 -0.46 1 
 G" Freq 10 rad/s 0.92 0.95 -0.90 -0.41 0.95 1 
p - value 
      Total solids 0 
     Yield stress < 0.0001 0 
    Serum content < 0.0001 < 0.0001 0 
   Viscosity at 50/s 0.289 0.044 0.046 0 
  G' Freq 10 rad/s < 0.0001 < 0.0001 < 0.0001 0.13 0 
 G" Freq 10 rad/s < 0.0001 < 0.0001 < 0.0001 0.19 < 0.0001 0 
 
Variables Total 
Solids 
Yield 
Stress 
Serum 
Content 
Viscosity at 
50/s 
G' Freq 
10 rad/s 
G" Freq  
10 rad/s 
Ease of swallow -0.71 -0.68 0.56 -0.08 -0.76 -0.81 
Time to swallow 0.71 0.76 -0.63 -0.15 0.81 0.85 
Resistance 0.81 0.81 -0.69 -0.09 0.86 0.90 
Moist -0.93 -0.88 0.81 0.16 -0.93 -0.92 
Cohesive 0.71 0.51 -0.48 0.37 0.64 0.67 
Adhesive 0.09 -0.20 0.18 0.87 -0.04 0.03 
Smooth 0.00 -0.32 0.08 0.36 -0.24 -0.29 
Ratio L/S -0.26 0.01 0.24 -0.04 -0.01 0.03 
Effort for bolus 0.63 0.59 -0.46 0.17 0.69 0.74 
Residues -0.15 0.11 0.17 -0.06 0.11 0.14 
p - value 
      Ease of swallow 0.009 0.015 0.060 0.816 0.004 0.001 
Time to swallow 0.010 0.004 0.028 0.652 0.001 0.000 
Resistance 0.001 0.001 0.013 0.769 0.000 < 0.0001 
Moist < 0.0001 0.000 0.001 0.621 < 0.0001 < 0.0001 
Cohesive 0.009 0.094 0.118 0.243 0.026 0.016 
Adhesive 0.769 0.530 0.572 0.000 0.906 0.916 
Smooth 0.996 0.304 0.796 0.245 0.402 0.358 
Ratio L/S 0.408 0.982 0.443 0.911 0.979 0.933 
Effort for bolus 0.029 0.042 0.133 0.603 0.013 0.006 
Residues 0.636 0.733 0.608 0.864 0.743 0.670 
 
